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ABSTRACT 
 
 Currently two major issues pertaining to disease management in corn production in the 
US Corn Belt are the spread of Goss’s wilt and leaf blight caused by Clavibacter michiganensis 
subsp. nebraskensis (Cmn), and the use of foliar fungicides on corn for ‘plant health’ benefits.  
This dissertation presents data regarding infection of corn by Cmn, and fungicide effects on 
disease management and yield.  
Greenhouse and laboratory research was undertaken to determine if infection of corn by 
Cmn may occur without severe wounding, such as that caused by hail, sand blasting or wind 
damage. Corn plants with no obvious wounding were spray inoculated with a suspension of Cmn 
(~108 cfu/ml) and compared to plants that were wounded and spray inoculated. The incidence of 
Goss’s wilt and leaf blight on non-wounded inoculated plants was 37.0% and 60.0% under 
ambient and increased humidity conditions, respectively compared to 100% incidence on plants 
that were wounded and inoculated with the pathogen. Leaf wash assays showed populations of 
epiphytic Cmn survived and increased over time on corn leaves. Fluorescence and scanning 
electron microscopy (SEM) revealed that Cmn colonized leaves in localized sites including the 
junctions between epidermal cells, cuticle depressions, in and around stomata, and at the bases of 
glandular trichomes.  Furthermore, single cells and aggregates of Cmn were observed within 
substomatal chambers using SEM. We propose that sites of epiphytic Cmn localization such as 
stomata and trichome bases may serve as infection courts for Cmn in the absence of severe 
wounding.   
Field research was conducted from2010 to 2012 at multiple locations in the Corn Belt to 
assess the effects of fungicide application timing on disease development and yield of hybrids 
xiii 
that varied in susceptibility to Cercospora zeae-maydis (Czm) and Setosphaera turcica (St), 
cause gray leaf spot (GLS) and northern corn leaf blight (NCLB), respectively.  A standard 
experimental design and set of treatments (hybrid, multiple pathogen inoculation types and 
timing and fungicide applications timing) were used in all four states (Illinois, Iowa, Ohio and 
Wisconsin).  Generally foliar disease severity was low, final severities in the non-sprayed control 
were less than 5% at all site years except for Illinois in 2010 and 2011 (disease severity ranged 
from16 – 22%).  Fungicide application (VT/ R1) significantly reduced disease severity relative to 
the control in five of eight site years (P <0.05).  Disease was reduced by 30% at Wisconsin in 
2011, by approximately 20% at Illinois in 2010, 29% at Iowa in 2010, and 32% and 30% at Ohio 
in 2010 and 2012, respectively.  The untreated control had significantly lower yield (P <0.05) 
than the fungicide-treated in three site-years. Fungicide application increased the yield by 
approximately 6% at Ohio in 2010, 5% at Wisconsin in 2010 and 6% in 2011. Yield differences 
ranged from 30- 550 kg /ha and could not consistently be attributed to benefits related to 
physiological processes enhanced by the use of fungicides. Results suggest susceptibility to 
disease and prevailing environment are important drivers of observed differences among 
treatments and sites. 
A case study teaching resource that communicates a grower’s decision-making process 
when considering the application of foliar fungicides in corn was developed and presented to 
students at Iowa State University in an introductory plant pathology course. The case study 
presentation is designed for a 50 minute class session, using both a small group and whole-class 
review and discussion style. Students were also given the opportunity to write a 140 character 
“tweet-like” statement, comment or question for an expert. Tweeting enhanced discussion and 
enabled the instructors to moderate discussion, connect student ideas to the lesson and inform the 
xiv 
entire class on issues raised related to corn production in the US Corn Belt such as scouting, 
fungicide application, break even prices and physiological processes enhanced by fungicides. 
More than 80% of the students appreciated the “real life scenario” approach and felt it enhanced 
their appreciation of the issue.
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CHAPTER 1 
GENERAL INTRODUCTION  
 
Dissertation Organization  
This dissertation contains: a general introduction, and details greenhouse and microscopy 
studies, field research and an educational resource related to two emerging crop health issues in 
the US Corn Belt, namely (i) the reemergence of Goss’s bacterial wilt and blight (GWLB) 
caused by Clavibacter michiganensis subspecies nebraskensis (Cmn), and (ii) the use of foliar 
fungicides on hybrid corn. These components are organized into five chapters. The first chapter 
is a general introduction containing the literature review and justification for the selected 
research components. Chapter two describes greenhouse, laboratory and microscopy studies to 
determine if GWLB can develop from epiphytic populations of Cmn and in the absence of severe 
wounding. This chapter will be submitted for publication in Plant Disease.  The third chapter 
describes field trials conducted from 2010 to 2012 in four states (Illinois, Iowa, Ohio and 
Wisconsin) in the Corn Belt to examine the effect of corn hybrid and foliar fungicide on disease 
management and yield of corn. This chapter has been accepted for publication in 
Phytopathology. Chapter four presents an undergraduate level teaching resource that presents a 
case study detailing the complex decision corn growers’ face regarding the use of foliar 
fungicides. Through the study, students gain knowledge on “plant health benefits” from the use 
of foliar fungicides and how plant health may influence growers’ decision to apply fungicide. 
This chapter is intended for publication in the The Plant Health Instructor, an online journal at 
the APS Education Center.  Chapter 5 is a general conclusion of the research presented in this 
dissertation.  
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Literature Review 
 
Corn Background Information  
History and Domestication of corn 
Corn (Zea mays L.) is an annual grass, which is believed to have originated from teosinte 
(Z. mays subsp. mexicana (Schrad.) about 7000 years ago, and was domesticated in Mexico and 
Central America (Smith et al., 2004). The highly productive yellow dent corn hybrids that are 
currently grown in the United States of America (US) are the result of crosses between the late-
flowering Virginia Gourdseed and the early-flowering Northeastern Flints. Dent hybrids account 
for approximately 73% of worldwide commercial production, Flints for 14% and flours, 12%.  
The latter are preferred in Africa where 95% of corn is grown for human consumption 
(Harashima 2007). The national yield average of corn in the US has steadily increased since the 
1930s; Much of this increase is attributed to changes in management (e.g. use of insecticides, 
herbicides, fertilizers) (Duvick 2005). Yields have increased from an estimated 21 bu/acre (1300 
kg/ha) in 1939, to 37 bu/acre (2309 kg/ ha) in 1951, to 113 bu/acre (7050 kg/ha) in 1982 and 170 
bu/acre (10,600 kg/ha) in 2013 (USDA NASS 2013). 
Corn production in the US (yield and production acreage increase) 
The US is the leading producer and exporter of corn in the world (Brown et al. 1984, Hill 
et al., 2006). Moreover, within the US, corn is the leading field crop in terms of acreage planted, 
volume and value (USDA NASS 2014). In 2013, corn growers in the US planted an estimated 95 
million acres (38 million ha) that yielded 13.8 billion bushels of grain. Though all 50 states plant 
corn, the states that plant the highest acreage of corn are in the Midwest and consequently this 
region is often referred to as the US Corn Belt. The top five corn producing states are Iowa, 
Illinois, Nebraska, Minnesota and Indiana (Smith et al. 2004; USDA NASS 2014). 
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Corn yields have increased due to technological improvements (continually improving hybrids, 
more efficient planting and harvesting equipment, use of fertilizers and pesticides with different 
and improved modes of action) and production practices (a shift to earlier planting dates, higher 
plant populations and integrated pest management strategies) (Lee and Tollenaar 2007).  
Furthermore, high grain prices and ethanol production have increased corn production within the 
past decade (Tyner 2008). Approximately 40% of corn produced in the US is used by the ethanol 
industry that converts corn grain into two primary products: ethanol used as an oxygenate in 
gasoline blends and dried distillers’ grains and solubles (DDGS). Ethanol in gas blends replaces 
Methyl Tertiary Butyl Ether (MTBE), a substance that was banned by several states after it was 
linked to ground water contamination and cancer. Additionally the Biofuel Policy Act stipulated 
that specific levels of ethanol be produced each year (Larson et al. 2010; United States 
Department of Energy (DOE) 2012). The co-product of dry-grind ethanol production, DDGS, is 
used as a livestock feed supplement.  
Crop developmental stages and yield determinants 
Typically, dent hybrids in the Midwest have 20-22 leaves, and achieve physiological 
maturity approximately 60 days after silking in the central Corn Belt (Abendroth et al. 2011; 
Nield and Newman 1990), and 55-60 days after silking in the northern Corn Belt (Lauer et al. 
1999). In the southern Corn Belt, the corn season is not restricted to the number of frost free days 
and needs 3600 growing degree days (GDD) to achieve physiological maturity (Nield and 
Newman 1990). Final grain yield is determined by several yield components: the number of ears 
in an area (population), the weight and number of kernels in a row and the number of rows 
(Darby and Lauer 2000). Several factors influence crop growth and development, and therefore 
yield, including days to relative maturity (RM), the date of planting, seeding depth and seed bed 
4 
condition, soil texture and moisture, amount of residue on the soil, and prevailing weather 
conditions during the season (Schneider and Gupta 1985; Imholte and Carter 1987; Lauer et al. 
1999).  
Various crop developmental stages are critical in the determination of yield components, 
and optimum growth and efficient production at these times could lead to higher yields 
(Abendroth et al. 2011).  Biotic and abiotic stress at any of the critical crop developmental stages 
can lead to kernel abortion or a reduction in size and number of kernels and consequently yield 
loss.  At crop developmental stage V3, all leaves as well as the ear shoots are initiated, while the 
tassel is initiated at V5. The kernel rows per ear are determined between V6 and V8, and the 
numbers of kernels per row are established starting soon after V12 until one week before silking 
(R1). Initiation of ovules, from which the silks develop, occurs at V15 and consequently is an 
important phase for seed yield determination and very sensitive to stress (Ritchie et al. 1996; 
Abendroth et al. 2011). Pollination and fertilization at R1 begin the reproductive phase of crop 
development.  The embryo develops at R2 and there is cell division in the endosperm, while at 
R3 cells expand and start to accumulate starch (Ritchie et al. 1996; Abendroth et al. 2011; 
Wallhead 2012). Stress between the R1 and R3 stage reduces the size and number of kernels. At 
R4, the kernel interior thickens to a dough the kernel accumulates dry weight, at R5 the interior 
begins to dry down and a dent forms at the top of the kernel; stress at these two stages can lead to 
reduced kernel weight but not abortion. Plants achieve maximum dry matter accumulation and 
physiological maturity at R6.  Stress after this stage does not affect yield unless there is lodging 
(Abendroth et al. 2011; Thomison et al. 2005; Vorst, 2002).  
 
 
5 
Foliar Diseases of Corn  
Farming practices in the US Corn Belt that do not reduce initial foliar disease inoculum 
(planting continuous corn and minimum or zero-tillage) may predispose corn to infection by 
disease.  Common foliar bacterial diseases in the US Corn Belt include Goss’s bacterial wilt and 
leaf blight Clavibacter michiganensis subsp. nebraskensis Vidaver & Mandel. Foliar fungal 
diseases include:  anthracnose leaf blight (caused by Colletotrichum graminicola Messiaen, 
Lafon & Molot), common rust (Puccinia sorghi Schwein), southern rust (Puccinia polysori 
Schwein), eyespot (Kabatiella zeae Narita & Y. Hirats), Gray leaf spot (GLS) (Cercospora zeae-
maydis [Czm], Tehon and Daniels and Cercospora zeina) and Northern corn leaf blight (NCLB) 
(Setosphaera turcica [St] (Exserohilum turcicum Leonard & Suggs). The magnitude of yield loss 
depends on the crop developmental stage at which the crop is affected and the amount of damage 
to the leaf area (Thomison et al. 2005; Vorst 2002).   
, sources of genetic resistance have been incorporated into hybrids for many of the 
aforementioned diseases, occasionally growers’ plant susceptible hybrids to maximize yields. 
The top 8 to 9 leaves contribute more than 70% of the photosynthate required for grain fill 
(Allison and Watson 1966). Consequently, foliar diseases in the uppermost canopy are the most 
yield limiting, since they reduce leaf area leading to direct yield losses.  Moreover, foliar 
diseases may indirectly lead to losses due to photosynthate re-distribution from the stalk, 
resulting in weakened stalks that are susceptible to stalk rots and lodging (Allison and Watson 
1966).  
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Goss’s Wilt and Leaf Blight  
Causal organism  
Clavibacter michiganensis subsp. nebraskensis (Vidaver & Mandel 1974) syn. 
Corynebacterium michiganense pv. Nebraskense Dye & Kemp is the causal organism for Goss's 
bacterial wilt and blight (leaf freckles and wilt) disease (Schuster et al. 1972a; b). It is an aerobic, 
non-sporing, non-motile, club shaped rod (coryneform), apricot-orange colored, Gram positive 
bacteria with cells between 0.5 – 2.0 μm  (Vidaver and Mandel 1974) and belongs to the genus 
Clavibacter in the family Microbacteriaceae (Stackebrandt et al. 1997).  
Initial occurrence and distribution  
Goss’s wilt and leaf blight was first observed in commercial cornfields in Dawson 
County, Nebraska in 1969 (Schuster 1970).  The disease and causal organism were identified and 
described by Schuster (1972), who named the disease after Prof. Robert M. Goss, a former chair 
of the Plant Pathology Department at University of Nebraska, Lincoln (Schuster 1970).  From 
Nebraska, the disease spread to neighboring states and by 1979 it had been reported in Iowa, 
Kansas, South Dakota, Colorado and Wyoming (Vidaver et al. 1981). In the mid-1980’s genetic 
resistance was introduced and disease prevalence decreased, except for sporadic incidences that 
occurred in the western Corn Belt (Ngong-Nassah et al. 1992).  
However, in recent years the disease has re-emerged in Nebraska (Jackson 2007a) and the 
surrounding states: Iowa (Robertson 2008), Illinois (Ruhl et al. 2009) Colorado and Wyoming 
(Jackson 2007b), South Dakota (Strunk 2012).  Furthermore, it has extended its range and has 
been reported north to Minnesota (Malvick et al. 2010), North Dakota (Friscop et al. 2014) and 
the Canadian provinces of Ontario and Manitoba (Jackson-Zeims and Korus 2012); south to 
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Texas (Korus et al. 2011) and Louisiana (Hollier et al. 2013); and as far east as Indiana (Wise 
and Ruhl 2008).  
Yield loss and economic importance  
Initial yield loss studies conducted during the first Goss wilt outbreak in the 1970’s and 
1980’s suggested yield loss was approximately 40% in a susceptible hybrid, when compared to a 
non-inoculated control (Claflin et al. 1978). The difference in yield between a Goss’s wilt 
susceptible and resistant hybrid planted in field in Iowa in 2011 was 155 bu/acre  (A. Robertson, 
personal communication).  Jackson et al. (2007b) reported disease severity differences of 63% 
between susceptible and resistant hybrids and yields of 72 and 195 bu/acre respectively, in 
Nebraska in 2004.  Yield loss is generally higher when plants are infected earlier in the season 
(Suparyono and Pataky 1989), and there is a correlation between disease severity and yield loss 
(Carlson and Wicks 1991).  
Symptom expression 
Though the disease affects corn at any growth stage, it has been described as having two 
phases, a systemic vascular wilt phase and a leaf blight phase (Schuster 1975; Agarkova et al. 
2011). The wilt phase is more common early in the season, although it can occur late in the 
season if the leaf blight phase is severe.  The bacteria systemically colonize the xylem and 
produce extracellular polymeric substances (EPS) that block the vessels and cause the systemic 
wilt phase.  Goss’s wilt is characterized by discoloration of the vascular tissues and it can result 
in stalk rot and plant death (Schuster 1975; Eichenlaub et al. 2006; Agarkorva et al. 2011, Korus 
2011).  The more familiar leaf blight phase occurs when the plants are older, often after VT, and 
typically has large wavy lesions parallel to leaf veins that originate at the leaf tip or margin or in 
association with a hail wound and elongate over time (Claflin 1999). Greenish black 
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discontinuous water soaked spots (freckles) at the edge of lesion are characteristic and diagnostic 
for the disease. (Jackson et al. 2007a; Agarkorva et al. 2011). A distinct sign of Goss’s leaf blight 
are droplets of orange exudate that look like maple syrup and dry to a glossy sheen on the surface 
of mature lesions. This exudate consists of thousands of bacterial cells that ooze from the 
necrotic tissue when the relative humidity is high (Schuster 1975; Jackson et al. 2007a).   
Transmission and disease cycle  
 The primary source of inoculum of Cmn is surface crop residue in which the bacterium 
can survive for at least 10 months (Schuster 1975). The bacterium is splash-dispersed in aerosols 
by rain or overhead irrigation from infested residue to the leaves of current season plants 
(Langemeier 2012), leading to infection and increased disease severity (Pataky et al. 1988). Cmn 
enters the plant via physical wounds caused by heavy rain and wind, sand or hail storms (Jackson 
et al. 2007a). Though there is no known insect vector, Claflin, et al. (1999) proposed that wounds 
caused by insect feeding could act as entry pathways. Cmn is able to colonize seeds both 
internally and externally and be transmitted to plants, albeit at a very low rate, 0.1-0.4% 
(Schuster 1975; Biddle et al. 1990). In the case of seed transmission both phases of the disease 
are often observed on a plant concurrently (Biddle et al. 1990). 
Though factors promoting the current re-emergence of the disease in the Corn Belt are 
unknown, several corn pathologists have attributed the recent epidemic to agronomic practices 
including wide spread use of susceptible hybrids, minimum or zero tillage, and favorable 
weather conditions (Jackson et al. 2007a). 
Epiphytic Cmn 
Smidt and Vidaver (1986) detected Cmn in the phylloplane of corn seedlings 4 weeks 
after planting and suggested the bacterium was able to colonize and survive epiphytically on the 
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surface of symptomless corn leaves. Clavibacter is a genus with high guanine-cytosine (GC) 
content (Metzler et al. 1997) that is bound by three hydrogen bonds and has high thermostability. 
This provides a measure of protection from ultraviolet radiation that could lead to mutations and 
lethal effects and thus Clavibacter has a selective advantage to survive as an epiphyte on the 
phylloplane (Gnanmanikam and Immanuel 2006).  Furthermore, the exopolysaccharidic matrix 
of Cmn can act as a protective barrier from chemical, biological, or environmental stresses as 
well as capture nutrients and concentrate enzymes (Coserton et al. 1999).  Moreover, another 
subspecies of Clavibacter, Clavibacter michiganensis subsp. michiganensis (Cmm), has an 
epiphytic stage (Carlton et al. 1998, Medina-Mora et al. 2001). Cells of Cmm that are suspended 
in guttation droplets at hydathodes are able to infect the tomato plant in the absence of physical 
injury, and cause leaf blight symptoms (Carlton et al. 1998). 
In greenhouse trials, Schuster et al. (1983) observed that epiphytic populations of Cmn 
were higher in susceptible hybrids and proposed that these populations could be a source of 
inoculum for infection through wounds when severe weather occurs or through natural openings 
(stomata). There have been reports of Goss’s wilt outbreaks in Iowa and Nebraska in the absence 
of obvious physical wounding (Robertson 2008; Jackson-Zeims and Korus 2012). Moreover, the 
lesions appear to start from the tip of and margins of leaves in the uppermost canopy of corn 
plants. The most well developed stomata on corn leaves that respond best to environmental 
changes are found at the tips and margins of the blade, while the youngest are located at the base 
next to the stem (Srivastava and Singh 1972; Croxdale 1998; Croxdale 2000). Bacterial 
populations have also been observed on trichome bases. Corn leaves typically have 3 types of 
trichomes: macrohairs, prickle hairs and bicellular micro hairs starting at V5 –V6 crop 
developmental stage on leaf surfaces and along the margin (Moose et al. 2004). This suggests 
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that stomata or trichome bases near the tip and margins of leaves may serve as infection courts 
for epiphytic populations of Cmn.  An increased comprehension of the contribution of epiphytic 
populations of Cmn to Goss’s leaf blight development could help improve on-going efforts to 
manage the disease. 
Infection through natural openings 
Bacteria in other pathosystems have been shown to ingress the apoplast from the leaf 
surface through wounds and natural openings. Hydathodes and the bases of glandular trichomes 
of apple are infection courts for epiphytic Erwinia amylovora (Lewis and Goodman 1996, 
Norelli and Brandl 2006). Water biofilms extending from leaf surfaces through the stomata 
enable infection by bacteria which use that mode to ingress plants (Mehrotra 1983). 
Xanthomonas axonopodis pv. citri, the causal organisms of citrus canker, survives in biofilms on 
the leaf surface and infects through stomata and wounds to causes disease (Rigano et al. 2007). 
High relative humidity has been shown to promote the formation of Pseudomonas syringae 
bacterial cell aggregates that are ubiquitous on bean leaf surfaces (Beattie and Lindow 1994). 
Similarly, high relative humidity prior to inoculation increased disease severity in tomatoes 
inoculated with X. campestris pv. vesicatoria (Yunis 1980).  
Stomatal ingress into leaves by epiphytes also has been demonstrated for Pseudomonas 
syringae pv. tomato, and Salmonella enteretica in tomato and Xanthomonas campestris pv. 
vesicatoria in pepper (Meloto et al. 2006; Gu et al.2011, Sharon et al. 1982).  Streptomyces 
scabies, the causal organism of common scab in potato, is a non-motile actinomycete that enters 
plant through lenticels or stomata (Mehrotra 1983).  Infection of corn via stomata has also been 
demonstrated in the Bacterial leaf blight (streak) and stalk rot - Acidovorax avenae subsp. avenae 
(Pseudomnas alboprecipitans) pathosystem.  The bacterium was able to enter through partially 
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closed stomata in sweet corn and dent corn (Gitaitis 1979; Gitaitis et al; 1981, Willems et al. 
1992; Schaad 2008). These examples strongly demonstrate that natural openings can provide 
infection courts for bacterial pathogens previously thought to enter only through wounds.   
Management  
Since there are currently no bactericides available to reduce Goss’s wilt and leaf blight, 
preventive management is important. A comprehensive management strategy for the disease 
should include resistant hybrids, crop rotation, residue management practices that reduce Cmn-
infested surface residue, and weed management.   
Yield, agronomic and disease tolerance traits should be matched to individual growers 
farming operations. Many seed companies now score their hybrids for Goss’s wilt resistance, 
therefore fields with a history of disease should be planted to moderately resistant to resistant 
hybrids. Scouting in subsequent seasons is crucial for monitoring the location and severity of 
diseased plants in a field (Jackson et al. 2007b).  It is essential to scout fields after a weather 
event (hail/windstorm) that could predispose plants to wounding and consequently infection.  
Crop rotation for two years or more seasons with a non-host, such as soybeans or wheat, 
in fields with a history of disease allows the infested residue to decompose before the next 
planting. Tillage practices are not recommended as a practical exercise for soil conservation 
reasons, however in corn fields with susceptible hybrids and high infection, burying residue 
reduces Cmn populations more rapidly than if they are left on the soil surface (Schuster 1975; 
Jackson et al. 2007b).   
Several alternate hosts are known: Sudan grass (Sorghum bicolor ssp. drummondii (L.)) 
and Shattercane (Sorghum bicolor (L.), (Shuster et al. 1975), Barnyard grass (Echinochloa crus-
galli (L.) (Wysong et al. 1981) and several species of foxtail (Setaria sp (L.) Beauv.) 
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(Langemeier 2012). Management and reduction of weed populations can reduce inoculum 
sources and help reduce disease spread. 
 
Gray Leaf Spot  
Causal organism  
Cercospora zeae-maydis Tehon & Daniels (1925) and Cercospora zeina are the causal 
organism of gray leaf spot of corn. It is a haploid ascomycete, with unbranched, pigmented and 
septate, conidiophores that produce hyaline, septate conidia in the asexual stage.  There is no 
known sexual stage (teleomorph) (Pollack 1987).  The fungus belongs to the family 
Mycosphaerellaceae and the genus Cercospora, whose members produce cercosporin, a non-
host selective phytotoxin that produces active oxygen species, which injure to plant cell 
membranes (Daub and Ehrenshaft 2000). 
Initial occurrence and distribution  
Gray leaf spot was first observed and reported in Alexander county, southern Illinois in 
1924 (Tehon and Daniels 1925). In the 1940’s it was observed in Tennessee, Kentucky and 
Virginia (Hyre 1943; Roane et al. 1974) followed by South Carolina in 1962 (Kingsland 1963) 
and North Carolina and the early 1970s. (Leonard 1974). The disease increased in severity and 
distribution in the mid-1970’s when minimum and zero-tillage practices were widely introduced, 
and established; and corn monoculture became the norm (Beckman and Payne 1983; Laterell and 
Rossi 1983). In the 1980s and 1990s, there was notable increase in severity and frequency, and 
the distribution range expanded to cover most of the US Corn Belt (Dunkle and Levy 2000).   
Beyond the US borders, it was first reported in KwaZulu-Natal province of South Africa in 1988 
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(Ward et al. 1997a), and in Nigeria and other Central Africa countries in 1996. The disease has 
also been reported in South America, Central America, Turkey and China (Ward et al. 1999).   
Species groups  
Cercospora zeae-maydis was previously believed to be from two taxonomically identical 
but genetically and phenotypically distinct sibling species (Wang et al. 1998), namely: Group I, 
which was prevalent in the U.S. and Group II, which occurred in parts of U.S. and Africa. The 
current opinion suggests the two groups are actually two separate species that vary genetically in 
the internal transcribed spacers (ITS1 and ITS2) region (Crous et al. 2006). Therefore Group I 
has been deemed Cercospora zeae-maydis and Group II, Cercospora zeina (Dunkle and Levi 
2000; Wang et al. 1998). 
Yield loss and economic importance  
Yield loss due to gray leaf spot is dependent on time of infection, disease severity and 
environmental conditions during grain fill (Lipps 1995). In South Africa, yield losses of 30-60 % 
have been reported (Ward et al. 1997b), while losses reported in the US are 24-69% in individual 
fields in Virginia (Carter and Stromberg 1972), and up to 33% and 44% in Ohio (Lipps and 
Johnson 1999) and Iowa (Jenco 1985), respectively. Annual yield loss due to gray leaf spot in the 
U.S. was estimated at over $100 million in the 1990’s (Munkvold et al. 2001). More recently, 
yield losses in the U.S. due to gray leaf spot were estimated at 72 to 85 million bushels from 
2012 to 2013 (Mueller 2013; Mueller 2014). 
Symptom expression 
Gray leaf spot lesions may be visible on corn any time after V8.  Initial leaf lesions 
develop first on the leaves in the lower canopy and are small, elongated, 1-3 mm long, 
irregularly shaped spots with distinctive chlorotic (yellow) borders that appear as a halo when 
14 
held up to light. As the lesions mature, they may expand to 5-70 mm long, and since they are 
vein-limited are rectangular, and tan to brown in color.  These characteristics vary by hybrid. 
Mature lesions are grayish in color especially when wet.  When infection is severe, the lesions 
coalesce and form large necrotic areas (Ward et al. 1999; Munkvold 2004).  
Transmission and disease cycle  
Cercospora zeae-maydis survived on infested residue on the soil surface from November 
to produce viable spores on the residue the following May (Payne and Waldron 1983; Payne et 
al. 1987).  In spring, primary infections occur when conidia from the surface residue are 
dispersed, predominantly by wind, to the lower leaves of corn plants.  Subsequently, 
germination, vegetative growth and stomatal penetration can occur within a 14-28 day period 
depending on eth prevailing environmental conditions (Ward et al. 1999). Conidia produced 
within these lesions are dispersed by wind and rain and cause secondary infections for the 
remainder of the growing season (Lapaire and Dunkle 2003).  The infected leaf tissue at the end 
of the season acts as a source of inoculum to initiate gray leaf spot the next spring. 
A common conservation practice in the US Corn Belt is minimum tillage, where 30% or 
more of crop residue is left on the soil surface (Lipps 1995). This practice increases the inoculum 
available to cause primary infections of this and other polycyclic diseases (de Nazareno et al. 
1993). Studies conducted in Ohio and North Carolina reported a positive relationship between 
percent surface Czm-infested residue and final gray leaf spot disease severity.  
Environmental influence on infection and disease development 
In the corn-Czm pathosystem, environment plays the greatest role in disease development 
(Ward et al. 1997a).  Under favorable weather conditions (frequent rainfall, warm and humid) in 
endemic areas, high disease levels occurred even if only low levels of Czm-infested crop residue 
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were present (de Nazareno et al. 1993). Furthermore, the canopy played a role in establishing a 
microclimate favorable for disease development (Payne and Waldron 1983).  Gray leaf spot is 
more prevalent and occurs more frequently in areas where the relative humidity (RH) is above 
90% for approximately 12 hours, such as fields along river beds and in low–lying areas 
(Beckman and Payne 1983; Rupe et al. 1982; Bhatia and Munkvold 2002). 
Relative humidity strongly affects pathogen germination and infection.  Germ tube 
elongation is longer at 95% RH compared to that at 80% or 90%, and appressoria develop only 
after 72 h at 95% RH, or not at all at lower humidity (Thorson and Martinson 1993). 
Temperature limits infection and disease development less than moisture. Spores germinated at 
22-300C provided sustained periods of high humidity (12 h) were maintained, and lesions readily 
developed at greenhouse temperatures of 22-280C (Beckman and Payne 1983).  When conditions 
for disease are high and yield expectations are high, the probabilities of yield increases using 
fungicides when compared to a control are higher (Paul et al. 2011). 
Management  
  A combination of practices should be used to manage gray leaf spot. Adoption of 
minimum-tillage likely contributed to the current widespread distribution of gray leaf spot in the 
US Corn Belt (Latterrel and Rossi 1983; Boosalis et al. 1986).  Since surface residue has been 
shown to be a key predictor of disease severity (Paul and Munkvold 1995; deNazareno et al. 
1983), practices that reduce initial inoculum in Czm-infested residue may reduce disease. A year 
or two of rotation from corn to soybean and/or wheat was suggested to reduce crop residue and 
hence Czm inoculum (Lipps 1998).  Tillage by disking or plowing reduced the number of gray 
leaf spot lesions per leaf compared to zero/no-till plots (Payne et al. 1987). However, tillage 
should only be done in fields with high disease risk for soil conservation reasons (Lipps 1998).  
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 Resistance to Czm is polygenic and quantitative (partial) and additive effects are key.  
Characteristics of partial resistance include fewer and smaller sized lesions, and slower disease 
development (Latterrel and Rossi 1983). Most seed companies in the US provide a resistance 
score for commercial hybrids and no hybrid is immune to the disease (Ward et al. 1997b; Gordon 
et al. 2004; Gordon et al. 2006). When hybrid selection is used in management decisions, yield 
potential and standability under high disease pressure conditions also should be considered  
 Several fungicide products have been registered for use in gray leaf spot management. 
The recommended application time is between tasseling and blister (VT-R2), when weather 
conditions could be conducive for infection and disease development, which if severe, this stress 
could affect the kernels and lead to abortion.  The probability for a profitable response depends 
on weather conditions, severity of disease present and hybrid susceptibility (Robertson et al. 
2011; Paul et al. 2011). 
 
Northern Corn Leaf Blight  
Causal organism  
Exserohilum turcicum [Et] (Pass.) Leonard & Suggs (1974) (Syns. Helminthosporium 
turcicum (Pass.), Bipolaris turcica (pass.) Shoemaker), is the causal organism for northern corn 
leaf blight of corn. An ascomycete in the family Pleosporaceae and the genus Setosphaera. The 
perfect state is Setosphaeria turcica, it is rarely found in nature (Luttrell 1957) Leonard & Suggs, 
1974). Conidiophores of the fungus are olivaceous brown, irregularly cylindrical and 3-7 septate 
and often emerge through stomata.  Each usually has a single, terminal conidium with thin walls 
and a distinct hilum (Luttrel 1964; Leonard and Suggs 1974).  
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Initial occurrence and distribution  
Passerini first reported NCLB on corn in Italy in 1876.  In the US, the disease was first 
reported in New Jersey in 1878.  An epidemic of the disease was reported in Connecticut in 1889 
followed by New England and the Mid-Atlantic States in early 1900’s (Drechsler 1923; Jordan, 
et al. 1983). It was not until the 1940s that another outbreak of NCLB occurred where open 
pollinated varieties were replaced by hybrids that were mostly susceptible to the disease. (Elliot 
and Jenkins 1946).  Sporadic outbreaks continued in the US until the discovery of a single 
dominant gene, Ht (for Helminthosporium turcicum), that led to development of resistance 
hybrids in the 1960’s (Hooker 1963).  Physiological races that could overcome Ht resistance 
were first reported in Hawaii in 1972 and then in Indiana in 1979, with several outbreaks of the 
disease reported in the 1980s (Jordan, et al. 1983).  
NCLB is a mid-altitude disease that mostly occurs between 900-1600 m above sea level. 
When weather is favorable, outbreaks have been reported beyond the US in China, India, Brazil, 
Latin America, East and South Africa, (Jordan et al. 1983; Gianasi et al. 1996).  In areas where 
the disease is not endemic isolates from different geographic location showed differences in fitness 
defined as lesion size, and efficiency of sporulation and infection (Levy 1991).  
Races and resistance  
 Two types of resistance are available for E. turcicium: (i) Qualitative race specific 
resistance that is governed by Ht genes and (ii) quantitative resistance that is non-race specific 
and polygenic (Hooke, 1963; Welz and Geiger 2000). Qualitative resistance genes become 
ineffective when the pathogen evolves to become virulent on that gene (Welz 1998; Thakur et al. 
1989a; Thakur et al. 1989b).   The E. turcicum race nomenclature system is based on the 
phenotypic response of a differential set of corn lines that each contain an Ht gene after 
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inoculation.  Designation of a race is according to virulence on specific Ht genes (Leonard et al. 
1989). In the US race 0 and 1 are predominant (Ullstrup 1970; Pataky 1994).    
Quantitative resistance expression has smaller lesions and the latent period is longer due 
to small additive phenotypic effects that are more durable in the field (Welz and Geiger 2000).  
Quantitative gene identification is however, more challenging (Young 1996). Quantitative trait 
loci (QTLs) are detected and mapped to chromosomes using different generations of near 
isogenic lines or recombinant inbred lines (Wisser et al. 2006).  
Yield loss and economic importance  
NCLB yield losses have been reported around the world, losses of 30% have been 
reported on susceptible hybrids in the US, 28-91% in India and up to 40 % in Korea (Ullstrup 
and Miles 1957; Perkins and Hooker 1981; Harlapul, et al. 2000; Kim et al. 2013). Estimated 
losses due to NCLB in 2012 and 2013 (in US and Canada) were 74.5 and 132.3 million bushels, 
respectively (Mueller 2013; Mueller 2014).  
The magnitude of NCLB yield loss is dependent on disease severity, the crop 
developmental stage at infection and source of resistance in hybrids. High disease severity 
immediately after pollination may result in yield losses of up to 70% (Raymundo and Hooker 
1981). Disease severities of more than 20% of total leaf area in the upper canopy, between R1-R3 
crop developmental stages (grain fill) have been reported to lead to yield losses (Raymundo and 
Hooker 1981; Perkins and Perdesen 1987). Monogenic hybrids showed less yield increase over 
susceptible hybrids when compared to hybrids with polygenic resistance during an NCLB 
disease outbreak in Indiana in the 1960s (Ullstrup 1970). NCLB also affects seed quality in that 
seeds have low sugar content and reduced germination potential (Gowda et al. 1992).   
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Symptom expression 
Initial symptoms of NCLB are small, oval water soaked gray-green spots that mature into 
cigar shaped (elliptical) lesions about 3-15 cm long. Initially, the mature lesions are tan but later 
olive/ green sporulation leads to development of distinct darker lesions. Symptoms usually start 
on lower leaves and progressively move upwards, although in recent years (2010 onwards) the 
disease has also started in the top canopy (A. Robertson, personal communication).  When 
severity is high multiple lesions occur that coalesce and blight the whole leaf (Carson 1999; 
Wise 2011). Hybrid resistance status affects lesion type: qualitative resistance (Ht resistance) 
reduces sporulation in necrotic centers while quantitative resistance reduces lesion number and 
size (Hooker 1963; Hughes and Hooker 1971). Some Ht resistant hybrids have small yellow 
lesions that do not produce spores and narrow chlorotic streaks may develop (Wise 2011). 
Transmission and disease cycle  
NCLB is a polycyclic disease.  The pathogen survives as mycelia and chlamydospores in 
infested crop residue and remains dormant through the winter. Increasing temperatures and 
spring rains induce sporulation of E. turcicum on the debris.  Spores are wind or water dispersed 
onto new crop leaves at the location of the infested residue and over long distances. For 
germination of the spores and for infection to occur, the pathogen requires 6-18 hours of free 
water on leaf surface, high relative humidity (90-100%), overcast conditions and temperature 
between  18-27 0C (Bentolila et al. 1991; Gregory 2004). Conidial germination occurs within 6 
hours of inoculation, initial symptoms are greyish white flecks that coalesce and can form 
symptomatic primary lesions within 2-7 days after infection (Kucharek and Raid 1994; Muiru et 
al. 2011). Spores that are produced on these lesions are dispersed within and between fields to 
cause further disease (Hilu and Hooker 1964; Wise 2011).  
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Epidemiology and environmental influence on infection and disease development 
Significant interactions have been demonstrated between hybrids and planting date on 
disease parameter estimates. Weather largely influences disease progress, hot and dry weather 
slows disease development while favorable weather (overcast conditions, free water on leaf 
surfaces for 6-18 h) may lead to widespread disease appearance (Ullstrup 1970; Jordan et al. 
1983). When planting is delayed, disease onset may occur at an earlier crop developmental stage, 
and since multiple disease cycles may occur before physiological maturity of the crop disease 
severity is greater (Levy and Cohen 1983; Julian et al. 1994). Surface crop residue significantly 
increases the risk of NCLB epidemics.  Disease severity was significantly greater in plots with 
high residue than in residue free control plots (Takan et al. 1994)  
Management  
Fields with a history of NCLB and continuous corn cultivation should rotate out for 1-2 
years to reduce disease in subsequent seasons especially if minimum till practices are in use.  
Where practical, deep ploughing is recommended as this reduces the primary inoculum and 
initial infections. However since spores can travel long distances, secondary inoculum from other 
fields may lead to incomplete disease control (Lipps 1983). In growing seasons when weather is 
conducive for disease development, in fields at risk for NCLB (susceptible. hybrids, corn on 
corn, heavy irrigation, crop residue present), foliar fungicide applications starting at tasseling can 
be used to manage the disease (Wise 2011). Scouting prior to tasseling (V14 crop developmental 
stage onwards) should be done to determine disease pressure, and these data should be used 
alongside weather forecasts to determine if and when to spray (Wise 2011). Since both 
qualitative and quantitative sources have been identified, both types of resistance can be used for 
disease management either separately or together (Ogliari et al. 2005). Seed companies provide 
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ratings for NCLB resistance in hybrids, and enable farmers to choose and plant resistant hybrids 
to manage the disease (Wise 2011). Since yield loss can be related to time of infection, planting 
early may help reduce risks and losses. Lack of proper weed management can lead to conditions 
that increase humidity and free water on the leaf surface and therefore increase disease risk; this 
should be avoided by controlling weeds (Wise 2011) of which some, such as Johnsongrass 
(Sorghum halapense (L.)) are also hosts of the pathogen (Newman 1993).  
Fungicide Application 
 History of fungicide use  
Foliar fungicide applications are an important component of integrated pest management 
(IPM) in the agricultural sector and are used for prevention of foliar diseases. Chemical control 
of diseases with fungicides started in the early 1900’s with the ‘Bordeux’ copper sulfate –
hydrated lime mixture (Hawkins 1912).   Synthetic organic fungicides such as biphenyl 
(aromatic hydrocarbons) followed in the 1940’s.   These compounds had a narrow disease 
spectrum, needed frequent application and were toxic to humans and plants. In the 1960’s and 
70’s fungicides such as Chlorothalonil (phthalonitrile) and Mancozeb (dithioocarbamate) were 
introduced which had a broader spectrum of disease control and were less harmful to applicators. 
Demethylation inhibitor fungicides (DMI), are broad spectrum, have a single mode of action and 
they inhibit an enzyme involved in sterol production.  More than 30 active ingredients grouped in 
several classes exist in this group (Mueller et al. 2013). However, only triazoles were registered 
for corn in the late 1980’s and early 1990s (Morton and Staub 2008). More recently other broad 
spectrum fungicide classes for example: Quinone outside inhibitor (QoI), also known as 
strobilurins have been used for disease control since 1996 (Meirsterpro 2007).  
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Fungicides are used on more than 70% of the planted acreage of crops such as tomatoes 
(approximately 105,400 acres). On other crops such as cucumber (42,850) approximately 50% of 
the acreage planted may be treated with a fungicide (Battaglin et al. 2011; USDA NASS 2012). 
Field corn is a recent entrant to the fungicide market, only about 10% of the planted acreage is 
sprayed (Wise and Mueller 2011). However, corn is planted on high acreage in the US Corn 
Belt, (approximately 84 million acres in 2011). Therefore fungicides are applied to a 
considerable area (Battaglin et al. 2011).  
Quinone outside inhibitor (QoI)  
Quinone outside inhibitor (QoI) fungicides (strobilurins) contain methoxyacrylic acid a 
fungicidal byproduct from Strobilurus tenacellus, and other wood rotting fungi. They get their 
name from their very specific mode of action: they bind to the quinone outside site of 
cytochrome b complex of the mitochondrial membrane and inhibit mitochondrial respiration that 
produces ATP energy that enables fungi to grow (Bartlett et al. 2001).  The first strobilurin-based 
products commercially available in the 1990s contained azoxystrobin (Syngenta Crop Protection, 
Greensboro, NC) or kresoxim-methyl (BASF Corporation, Research and Triangle Park, NC).  
Currently six active ingredients of QoI fungicides are commercially available (Vincelli 2012). 
QoI fungicides are popular because they are broad spectrum, having preventive and slightly 
curative activity on major genera of fungi and oomycetes. They account for 22-25% of the 
worldwide fungicide market share (Kramer et al. 2012).  
Plant Physiological processes enhanced by QoI fungicides  
In addition to managing disease, QoI fungicides have also been shown to affect certain 
physiological processes within plants.  There are reports of QoI fungicides increasing yield in the 
absence of disease; this phenomenon was first observed on wheat in Europe (Köehle 1997; 
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Köehle 2003). Fungicide use in healthy crops has been reported to increase yield by up to 5% 
(Syngenta Farm Assist 2009). Conversely, Swoboda and Pedersen (2009) did not find a yield 
advantage in soybean when using fungicides in low disease severity conditions.  
QoI fungicides enhance chlorophyll synthesis (Herms et al. 2002), and water 
consumption in photosynthetic and plant antioxidant enzyme activities (Bartlet et al. 2002; Wood 
and Hollomon 2003).  They reduce production of harmful reactive oxygen species and increase 
production of antioxidants that could enable plants to better tolerate stress (Halliwell 2006). In 
spring barley, use of azosystrobin resulted in a 50-60 % reduction of fumigated ozone injury (Wu 
and Tiedemann 2001). 
QoI fungicides partially inhibit synthesis of ethylene, a plant hormone associated with 
plant senescence leading to a longer period of green leaves “greening effect”. This suggests a 
longer period for grain fill leading to greater biomass and higher yields for cereals, wheat and 
corn.  (Godwin et al. 1992; Godwin et al. 2000; Bryson et al. 2000; Bartlett et al. 2002). 
However, Byamukama et al. (2013) demonstrated that even though strobilurin application 
delayed leaf senescence through and after physiological maturity, this was not associated with a 
longer period for grain fill or consistently higher yield. Since QoI fungicides have broad 
spectrum activity against all groups of fungi and strong preventive ability they manage, several 
types of pathogenic fungi.  This could preserve plants energy and nutrients that would otherwise 
be utilized in plant defense activities (Bartlet et al. 2002). 
Fungicide resistance 
Fungal pathogens have developed resistance to certain fungicides that are used to manage 
disease on various crops.  The Fungicide resistance action committee (FRAC) was established in 
1981 (http://www.frac.info/) since then, the committee meets annually to discuss fungicide 
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resistance.  Fungicides are classified into those with a high, medium and low risk for resistance.  
Fungicides are assigned FRAC groups based on their modes of action (MOA). To reduce risk, 
farmers are encouraged to alternate fungicides from different FRAC groups or use mixtures of 
fungicides from different FRAC groups. Fungicides registered for corn fall into several FRAC 
groups.  
The risk of pathogens developing resistance is a constant challenge, this can lead to 
higher rates of application and restriction or even elimination of use of a particular fungicide. 
(Battaglin et al.2011). Strobilurins, because of the extremely precise mode of action, have high 
risk of target pathogens developing resistance, and to-date, more than 30 fungi have developed 
field resistance (Bradley and Pedersen 2011; Fungicide Resistance Action Committee 2011). To 
avoid resistance, if more than one application in a season, strobilurin treatments limited and used 
in mixtures, across multiple seasons alternate with fungicides using different modes of actions. 
In the same way as herbicides and insecticides, used in corn systems in the US Corn Belt, 
fungicides can be toxic to aquatic organisms and if soluble and easily degraded, can enter water 
systems through run off (Battaglin and Fairchild 2002; Battaglin et al. 2011).  
Changing trends in fungicide use  
Prior to 2002 fungicide use on corn was rare and its use was not reported by USDA until 
2005 (Munkvold et al. 2001; Battaglin et al. 2011).  The exception was on seed and sweet corn 
that had higher market value (Raid 1991). The past decade and a half has seen expanding Asian 
markets for corn, changes in the Federal government’s energy policy on biofuels, increasing 
demand for the corn grain that have led to better prices for corn. Increased grain prices and the 
marketing of fungicides for plant health benefits that lead to positive yield response in the 
absence of disease have led to changes in perceptions regarding fungicide use on field corn 
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(Wise and Mueller 2011). Munkvold et al. (2008) estimated that a fungicide was applied to up to 
14 million acres (approximately 18%) of the field corn acreage in the major producing states of 
the US in 2007.  Foliar fungicide application recommendations vary by region in the US Corn 
Belt.  Typically growers apply fungicide between tasseling and blister (VT-R2) especially if 
during scouting; disease was noted before tasseling (Mueller et al. 2013).  In addition, there has 
been marketing of fungicides for vegetative-stage corn (V4-V6) for enhanced protection from 
diseases. However recent university trials in Iowa did not show disease reduction or clear yield 
response on plants treated with fungicide at vegetative stages to justify this application timing 
(Robertson et al., 2011). Fungicides are typically applied to corn using ground or aerial sprayers. 
Aerial fungicide application is most popular because it is efficient, fast, there is minimal crop 
damage (such as run over rows) and it can be done even when the ground is wet (Bretthauer 
2009). 
An important issue regarding fungicide use has been on the predictability and consistency 
of positive yield responses and whether this response offsets application costs. Fungicide trials in 
several states with different products and hybrids have been conducted.  A Meta–analysis 
summarizing multi-locational studies over several years on the benefit of spraying fungicides 
around tasseling on corn reported positive yield response under low disease conditions.  
However, this yield increase was not always economically beneficial (Paul et al. 2011).  
Investigations regarding the benefit of fungicides during vegetative crop developmental stages or 
as multiple applications (V5-V6 and at tasseling) are ongoing (Kemerait et al. 2012). 
 
  
26 
Research Justification 
The research detailed in this dissertation pertains to two contemporary and important 
issues in the Corn Belt. Goss’s wilt re-emerged as an economically important disease in Iowa 
and several other states from 2008 onwards. Research on this pathosystem waned in the late part 
of the 20th century when the disease was under control with resistant hybrids.  However, many 
questions remain unanswered regarding the epidemiology of Goss’s wilt.  Smidt and Vidaver 
(1986) recovered Cmn in the field from apparently healthy plants and suggested an epiphytic 
stage.  Schuster et al. (1983) proposed that colonization and infection by epiphytic populations 
was possible through natural openings (stomata) on tips and edges of leaves. Though infection 
occurs primarily through wounds, disease development along the edges and tips of leaves with 
no apparent wounds has been observed in Iowa cornfields.  Clavibacter michiganensis subsp. 
michiganensis (Carlton e al. 1998, Sharabani et al., 2012) and many other pathogenic bacteria 
have been shown to infect their host via stomata. Therefore greenhouse and laboratory research 
was undertaken to: (i) determine if infection of corn by epiphytic Cmn can occur without 
wounding and (ii) visualize epiphytic populations of Cmn on the leaf surface and their 
association with natural plant openings such as stomata.  
Row crop monoculture of corn in the US Corn Belt in a reduced tillage system increases 
the risk of residue borne foliar fungal diseases.  With higher prices for corn grain many growers 
in Iowa and elsewhere in the US Corn Belt started to grow corn continuously on the same fields 
which further increased the likelihood for disease. Fungicides are an important tool for foliar 
disease management on corn, but the emerging issue on the use of fungicides to improve yields 
in the absence of disease raises crucial questions on the sustainability and consistent yield 
improvement and profitability of such use. Many fungicide trials have been conducted, in several 
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locations, but with different hybrids, fungicide and pathogen inoculation. In order to increase 
controls and further validate results of yield response to foliar fungicides trials in several 
locations with similar treatments is recommended. Research was undertaken to assess the effects 
of hybrid susceptibility & fungicide application timing considering the environment, multiple 
pathogen inoculation types and timings.  This field-based research was done over multiple years 
at multiple locations in the Corn Belt.  The same experimental design and treatments (hybrid, 
inoculation and fungicide applications timing) was use to compare disease control and yield 
response of corn in four states.   
Case studies, where an instructor runs a classroom discussion based on a ‘short story’, are 
widely used in law, business school and medical schools but are fairly new in science education 
including plant pathology (National Center for Case Study teaching in Science, 2014). They are 
useful because they create awareness and encourage critical thinking of contentious, and 
controversial scientific issues of environmental and social importance (Myrick and Yonge, 
2004). A ‘Case Study’ for use in agricultural science education of undergraduate students was 
developed. The objective of the case study developed as part of this dissertation was to engage 
students using a “real-world” scenario to think critically of the complex environmental and 
economic questions that are raised as part of the emerging issue of fungicide use for plant health 
benefits (beneficial physiological processes). The goal of the study was to create a tool that 
assists students to appreciate complications associated with the decision to use foliar fungicide 
on corn for physiological benefits in addition to/rather than, their use as a component in the IPM 
of corn diseases.   
Case studies allow students to take up the roles of professionals, users or consumers of 
science products and process factual knowledge and apply it to solve real-world problems.  
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Furthermore, case studies help illustrate that sometimes the best decision in the real-world is not 
necessarily the “right” one, there will be situations where an imperfect decision is accepted and 
any negative consequences are tolerated. Active learning using case studies improve student 
engagement, inspire and promote self-reflection. Active learning also encourages adaption of 
acquired knowledge for use in the field, and helps to produce better equipped future 
professionals (Richards, 1995, Prince 2004). 
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Figure 1.1. Corn acreage planted and harvested in the United States (by year) between 1994 and 
2004 (1 acre = approx. 0.40468 ha) [USDA NASS 2014].  
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Figure 1.2. Domestic uses of corn in the United States between 1980 and2014 (1bu 
=approximately 25.4 kg of corn) [USDA ERS, 2014]. 
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Figure 1.3. Domestic prices received in in US dollars per kilogram of corn received in the United 
States (by year) between 1988 and 2014 [Shah, 2014, USDA ERS, 2014]. Green bars represents 
probability of time frame for greatest increase in fungicide use that coincided with rising prices 
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CHAPTER 2 
INFECTION OF CORN BY EPIPHYTIC CLAVIBACTER MICHIGANENSIS SUBSP. 
NEBRASKENSIS WITHOUT SEVERE WOUNDING  
 
A paper to be submitted to Plant Disease 
Sally O. Mallowa, Gladys Y. Mbofung, Sharon K. Eggenberger, Randall L. Den Adel, Sheila R. 
Scheiding, and Alison E. Robertson 
 
Abstract 
Goss’s wilt and leaf blight disease of corn is caused by Clavibacter michiganensis subsp. 
nebraskensis (Cmn). Infested residue is the primary source of inoculum and infection mainly 
occurs via wounds. However, the pathogen can survive as an epiphyte on corn leaves, and the 
disease has been observed on plants in the field with no obvious wounding.  Consequently, 
greenhouse experiments were done to study contribution of epiphytic inoculum to disease 
development in absence of wounding under ambient and increased humidity.  Corn plants at the 
V4-V5 crop development stage were spray inoculated with a suspension of Cmn (108 cells ml-1). 
Leaf blight incidence was assessed on whole plants and individual leaves; epiphytic populations 
of Cmn were monitored by dilution plating of leaf washes; and epiphytic Cmn colonization was 
visualized using scanning electron (SEM) and fluorescence microscopy.  Goss’s leaf blight 
disease incidence was observed on non-wounded plants in ambient (37.0%) and increased 
(60.0%) humidity conditions.  Populations of epiphytic Cmn survived and increased on corn 
leaves, particularly at increased humidity. We observed the colonizing the leaves in localized 
sites that included epidermal junctions, cuticle depressions, in and around stomata, and at the 
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base of trichomes. Through SEM images single cells and aggregates of Cmn were observed 
within substomatal chambers indicating that stomata may serve as infection courts for Cmn.   
 
Introduction 
Goss’s wilt and leaf blight of corn (Zea mays L.) is caused by the Gram-positive 
bacterium, Clavibacter michiganensis subsp. nebraskensis (Cmn) (Vidaver & Mandel 1974). As 
the name suggests, the disease has two phases. The wilt phase usually occurs in young plants, 
prior to crop developmental stage V8 (Abendroth et al. 2011).  The leaf blight phase is more 
common in older plants. Typical leaf symptoms of infection on corn are large, tan to gray, oval 
lesions with wavy margins. Small, water soaked spots known as ‘freckles’ found on the 
periphery of enlarging lesions are characteristic of the disease. A distinct sign is an orange 
exudate on symptomatic leaves that occurs during periods of high humidity, and dries to a glossy 
sheen (Jackson et al. 2007). If Cmn colonization of the leaves becomes systemic, the wilt phase 
may occur in older plants. 
Yield losses as high as 40 to 60 % were recorded until Cmn-resistant dent corn hybrids 
were successfully introduced in the early 1980s (Claflin1978). Although losses were greatly 
reduced for over two decades (Jackson et al., 2007) sporadic outbreaks of the disease still 
occurred in fields planted with susceptible hybrids of popcorn, sweet corn, and field corn 
(Jackson et al. 2007). Goss’s wilt and leaf blight has re-emerged as a serious threat to corn 
production in the U.S. Corn Belt in the last decade. First identified in 1969, in Dawson County, 
Nebraska (Schuster 1972; Claflin 1999), the disease now has a range that includes several states 
(Jackson-Zeims et al. 2012). In 2004, a severe case of Goss’s wilt and leaf blight was reported in 
Colorado with disease severity of up to 63% (Jackson et al. 2007). Thereafter the disease was 
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reported from numerous counties in eastern Nebraska in 2006, and in 2008, from Nebraska, 
Iowa, Illinois and Indiana (Jackson et al. 2007; Robertson 2008; Ruhl et al. 2009).  In 2011, a 
severe epidemic of Goss’s leaf blight occurred across the western Corn Belt. The disease was 
widespread in Nebraska and Iowa, and reported from Kansas, Minnesota, Illinois, Indiana, and 
South Dakota (Jackson 2010; Malvick et al. 2010; Langemeier 2012; Strunk 2012). The reasons 
for the widespread resurgence of the disease are not clear, but have been attributed to the present 
use of conservation tillage practices, the planting of continuous corn, and wide spread use of 
susceptible hybrids all of which favor pathogen survival and disease development (Jackson et al. 
2007; Robertson 2008). 
Cmn-infested surface residue is the primary source of inoculum for Goss’s wilt and leaf 
blight.  Infection by the bacterium generally occurs through wounds on the leaves caused by 
strong winds, sandblasting or hail associated with severe storms (Jackson et al. 2007). In Iowa 
corn fields, however, Goss’s leaf blight symptoms have been observed developing from the tips 
of leaves and progressing downwards on leaves with no obvious physical injury (Figure 1) 
(Robertson, unpublished data). The observations in Iowa suggest infection may occur through 
stomata at the tip of the leaves.  Moreover, the source of inoculum for this infection route may be 
epiphytic populations of Cmn.  
Smidt and Vidaver (1986) recovered Cmn in the field on symptomless, undamaged corn 
leaves and suggested an epiphytic phase for this pathogen. Schuster et al. (1983) reported 
epiphytic populations of Cmn were higher on susceptible hybrids than on resistant hybrids in a 
greenhouse study, and they proposed subsequent colonization and infection by Cmn was more 
likely in susceptible hybrids.  Schuster et al. (1983) suggested that infection by epiphytic 
populations may occur through stomata.  
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 Corn stomata were demonstrated to be the site of ingress of Acidovorax avenae subsp. 
avenae (Manns, 1905) (Pseudomonas alboprecipitans), which causes bacterial leaf blight and 
stalk rot in sweet and field corn (Gitaitis 1979; Gitaitis et al. 1981; Willems et al. 1992). 
Hydathodes, which are modified stomata, were demonstrated to serve as infection courts for 
epiphytic colonies of the closely - related bacterium Clavibacter michiganensis subsp. 
michiganensis (Cmm) on tomato (Carlton et al. 1998; Sharabani et al. 2012).  Cells of 
Pseudomonas syringae have been observed on trichome bases of apples and pears. (Mansvelt 
and Hatting 1989). Scanning electron micrographs suggest that bacterial infection may also 
occur through shed, broken, or open trichome bases (Mansvelt and Hatting 1989). Corn leaves 
have three types of trichomes (Moose et al. 2004) that epiphytic Cmn may colonize. Limited 
information is available on sites of epiphytic colonization of corn leaves by Cmn, particularly if 
the bacterium is associated with natural openings on the leaf (stomata or trichomes) that could 
serve as potential infection courts.   
In this study, greenhouse experiments were conducted to study Goss’s leaf blight disease 
development from epiphytic populations of Cmn. A green fluorescent protein (GFP)-labeled 
strain of Cmn was used to visualize sites of epiphytic colonization and infection of corn leaves 
using fluorescence and scanning electron microscopy. The objectives of this research were to 
determine (i) if Goss’s leaf blight can develop from infection by epiphytic Cmn inoculum, and 
(ii) visualize colonization of corn leaves by epiphytic Cmn, and (iii) determine if epiphytic Cmn 
were associated with potential sites of infection such as stomata and trichomes.  
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Materials and Methods 
Corn Growth Conditions  
The experiments were conducted in 2013 in the Iowa State Plant Pathology and 
Microbiology greenhouse using the Cmn-susceptible hybrid Agrigold 6309. Seeds were sown in 
a soil mix consisting of peat moss:metro mix:coarse perlite (4:3:4) in 10 inch pots (1 seed per 
pot). Pots were watered daily at the base of each plant to avoid cross contamination of plants by 
splashing.  All plants were fertilized once a week with a liquid fertilizer (NPK: 15-5-15; Miracle 
Gro®, The Scotts Co., Marysville, OH). Beginning at two weeks after planting, the liquid 
fertilizer was supplemented with the micronutrients Ca(NO3)2 and MgSO4 at a rate of 43 g liter-1 
and 22 g liter-1, respectively. The average temperature in the greenhouse was 27°± 6°C. 
Inoculation occurred when plants reached the V5 crop developmental stage (Abendroth et al. 
2011).  
Inoculation  
 Inoculum was produced using a rifampicin-tolerant strain of Cmn, R-91 (C. Block, 
USDA Plant Introduction Station, Ames, IA) that had been stored on silica gel at 4°C.  Start-up 
cultures were obtained by sprinkling a few silica gel pellets onto nutrient broth yeast agar 
(NBY), containing 8 g nutrient broth, 2 g yeast extract, 2 g K2HPO4, 0.4 g KH2PO4, 0.25 g 
MgSO4.7H2O, 5 g D-glucose, and 15 g agar in a liter of water (Vidaver 1967). Plates were 
incubated at 25°°C for 5 days, and single colonies were streaked unto fresh NBY plates for 
generating inoculum. Bacterial cells were harvested by flooding each plate of a 5-day old culture 
with 5 ml phosphate-buffered saline (PBS) solution (pH 7.0). The inoculum concentration of the 
resultant bacterial suspension was adjusted to an optical density of 0.4 at 600nm, approximately 
50 
(108 cells ml-1) with the aid of a spectrophotometer (G. Mbofung, personal communication). The 
suspension was kept at 4°C and used within an hour to spray inoculate plants. 
The experiment consisted of four treatments of twenty plants each: 1) non-inoculated 
plants kept at ambient humidity conditions (approximately 10-30%, 12-25%, and 40-60% in 
February, March and May, respectively) (negative control); 2) inoculated plants kept at ambient 
humidity conditions, 3) inoculated plants immediately placed into increased humidity conditions 
(20-40% higher than ambient RH) for 12 hours; and 4) plants inoculated and wounded on the 
second leaf using the pinprick inoculation technique (Calub et al. 1974, Blanco et al. 1977) and 
placed at ambient humidity conditions (positive control). Twelve hours prior to inoculation, pots 
in the increased humidity treatments were put on a plastic tray and the soil in each pot was 
completely saturated with water. Chambers for generating higher humidity conditions were 
created out of cardboard boxes measuring 46x61x61 cm, five plants per box (Home depot Model 
# 906058, www.homedepot.com), with windows cut out on each side of the chamber to allow 
light to pass through.  The chambers were lined internally with clear plastic wrap (Glad® Cling 
wrap, Oakland, CA) to insulate and conserve humidity. 
Corn plants were inoculated in the morning hours (7:00 to 10:00 am) using a sure-shot 
sprayer air gun (65 psi, cone-jet tvx-3 nozzle, Menomonee Falls, WI).  Approximately 10 ml of 
inoculum suspension per plant was applied to whole plants until all leaves were covered with a 
thin film of inoculum suspension. Before inoculation control plants were removed from the room 
sprayed with PBS buffer and returned after the bacterial suspension had dried on the inoculated 
plants.  
Three experiments were done in February, March, and May 2013, and each experiment was 
arranged in a randomized complete block design with five replications (4 plants per replication; 
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total twenty plants per treatment). Ten plants of each treatment were set aside for destructive 
sampling for epiphytic Cmn population counts.  The remaining ten plants were rated for Goss’s 
leaf blight disease incidence. 
Data collection 
The presence or absence of Goss’s leaf blight lesions on each leaf on each plant was 
assessed at 7, 10, 13, 17, and 21 days after inoculation (DAI). In experimental run 1 in February, 
four disease assessments were made ending at 17 DAI, while in experiment 2 in March and 
experiment 3 in May, four and five assessments were made, respectively, both ending 21 DAI. 
Goss’s leaf blight incidence at the plant level was determined as the percentage of plants in a 
treatment with at least one leaf with a lesion present. Goss’s leaf blight incidence at the leaf 
level, to monitor the extent of incidence within a treatment was determined as the percentage of 
leaves in a treatment with at least one lesion present. Leaf incidence was used to calculate area 
under the disease progress curve (AUDPC) for each treatment (Campbell and Madden1990; 
Simko and Piepho 2011).  
In order to evaluate changes in epiphytic Cmn populations over time, the second (V2) and 
third (V3) leaves of two plants in each treatment were sampled at 2 h, 12 h, 24 h, 72 h and 168 h 
after inoculation. In the positive control treatment (plants wounded immediately after 
inoculation), V2 and V3 leaves were either symptomatic or dead at 168 h after inoculation, so V4 
and V5 leaves were sampled.  At each time point, a piece of asymptomatic green leaf tissue, 
approximately 5 to 8 cm in length (0.5 to 2.0 g) was sampled close to the leaf tip, weighed and 
placed in a sterile Pyrex test tube containing 20 ml wash buffer (0.1 M potassium phosphate 
buffer, pH 7, containing 0.1% peptone). Tubes were sonicated 7 minutes in a B200 ultrasonic 
cleaning bath (Branson Ultrasonics Corp., Danbury, CT) filled with cold water, then vortexed 15 
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sec (Beattie and Marcell 2002; Sharabani et al. 2012). Two ten-fold dilutions (10-1 and 10-2) of 
the original suspension were made by adding 0.1 ml aliquots of suspensions to 0.9 mL PBS 
buffer, and 100 µl aliquots of the original suspension and 10-1 and 10-2 dilutions were plated on 
NBY medium amended with rifampicin. Sterile glass beads were used to spread each aliquot 
across the medium surface.  Plates were incubated at 25°C for 6 to 9 d, after which colony 
forming units (CFU) were counted. The population sizes were expressed as CFU per gram of 
fresh leaf tissue. An estimate of the mean population of Cmn at each time point was determined 
(log10 scale).  
Visualization of Infection Courts Using Microscopy  
Scanning electron and epifluorescence microscopy were used to visualize colonization of 
unwounded corn leaves, and the association of Cmn with possible infection courts, namely 
stomata and trichomes.  Inoculations were done using a mixture of the GFP-labeled strain 
GH2390 (Axtell and Beattie 2002) and the rifampicin-resistant strain R-91. Preliminary 
experiments had shown using the fluorescing Cmn strain GH2390 alone in inoculations did not 
result in disease development. Subsequently, several test experiments were set up to evaluate 
disease development using a mixture of the rifampicin-resistant strain R-91 and GFP-labeled 
strain GH2390. A mixture of inoculum in the ratio of 2 parts strain R-91 to 3 parts strain 
GH2390 yielded disease symptoms that were comparable to those obtained using the pathogenic 
strain R-91 alone (G. Mbofung, personal communication). This inoculum ratio was used in all 
subsequent microscopy experiments.  
Twenty seeds of corn hybrid Agrigold 6309 were grown to the V4-V5 crop 
developmental stage.Whole plants were spray-inoculated with an inoculum suspension of 108 
cells ml-1 until a thin film of inoculum suspension was observed on the leaves. Non-control 
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plants were sprayed with PBS buffer. Plants were immediately placed in higher humidity 
chambers for 12 h, after which they were removed from humidity chambers and placed on the 
greenhouse bench under ambient conditions. In order to observe colonization of the leaf surface 
by Cmn, ten plants were used for scanning electron microscopy (SEM) and the remainder for 
epifluorescence observations. Both microscopy experiments used a completely randomized 
design with 5 replications. For SEM, 3 to 5 leaf pieces (45 to 100 mm2) located 2 to 5 cm from 
the leaf tip and very close to the leaf edge, were sampled at 12 and 72 h after inoculation, 
immediately fixed in formalin-acetic acid-alcohol (FAA; Jensen 1962), and stored at 4°C for 
further processing. For epifluorescence microscopy, plants to be sampled were brought to the 
laboratory and 4-8 subsamples of 1 mm2 were cut out from and area 2 to 5 cm from the leaf tip 
and very close to the edge. Free-hand longitudinal sections were also prepared and immediately 
mounted on microscope slides in a drop of water and observed using a Zeiss Axioplan II 
fluorescence microscope (www. Zeiss.com, FITC emission filter, excitation wavelength: 450 to 
490 nm, emission wavelength ≥ 520 nm).    
 One-cm-diameter drapery rings (Wawak® Sewing Co., Conklin, NY) narrow down the 
sampling area and increase the probability of observing Cmn in association with potential 
infection courts. Rings were secured with aid of a film of an inert petroleum jelly ointment (Dow 
Corning® high vacuum grease, Dow Corning Corporation, Midland, MI) on the upper surface of 
20 randomly selected leaves at 2.5 cm from the leaf tip. A 10-ml plastic syringe was used to 
place 1 ml inoculum suspension containing approximately 108 cells of Cmn in the inner surface 
of the ring. The inoculum dried on the surface of the leaf within 1 to 2 h. Leaf areas within rings 
were sampled by cutting with a cork borer of smaller diameter at 12 and 72 h after inoculation 
(HAI). Leaf pieces for SEM were immediately fixed in FAA and stored at 4°C for further 
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processing. Leaf pieces for epifluorescence microscopy were taken to the laboratory for further 
processing.  Free-hand longitudinal and cross sections were prepared and immediately mounted 
on microscope slides in a drop of water and observed under epifluorescence microscope as 
previously described.  
Leaf samples prepared for SEM observation were dehydrated in an ethanol series, 
starting with 50% ethanol and finishing in ultrapure ethanol, and dried using liquid carbon 
dioxide on a DCP-1 critical point dryer (www.dentonvacuum.com). Leaf fractures were prepared 
by sandwiching a critical point-dried sample on double sided clear tape that was flattened with a 
hammer and then quickly pulled apart to produce two complementary internal leaf surfaces. 
These fractured pieces were then mounted face-side up on a large SEM aluminum plate. All 
processed samples were sputter-coated with a palladium/gold alloy (60/40) using a Denton Desk 
II Sputter Coater (www.dentonvacuum.com), and imaged using a JEOL 5800LV SEM 
(www.jeol.com) at 13 kV. 
Data Analysis 
 
The number of plants showing Goss’s leaf blight lesions was used to calculate whole 
plant disease incidence. The number of leaves per treatment showing leaf blight lesions was used 
to calculate the leaf disease incidence (%).  Analysis of differences between treatments in whole 
plant incidence was accomplished using PROC GLIMMIX in SAS v. 9.3 (SAS Institute, Cary, 
NC). Initial analyses using experimental run, treatment, and time (DAI) as fixed effects indicated 
no differences between runs for plant and leaf incidences. Therefore, all experiments were 
combined for analyses; the level of significance was set to 5% (α = 0.05).  Area under the disease 
progress curves (AUDPC) was calculated using leaf incidence. Treatment differences of the 
AUDPC values were analyzed using PROC MIXED in SAS. Orthogonal contrasts were used to 
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test treatment differences in final disease incidences and leaf incidence and AUDPC based on 
leaf incidence.  
  Changes in mean Cmn population density over time and mean population densities averaged 
across all sampling periods were compared using PROC MIXED. Combined analysis was done 
to increase the sampling size through replication; and more importantly to observe variability in 
the system by estimating the comparative effects of treatments over several runs (environments). 
Treatment, and sampling period (HAI) were considered fixed effects, while run, plant and leaf 
were handled as random effects. Mean population densities were calculated based on all data 
points, including those with zero titers, and also as means for nonzero data points. The means for 
non-zero data points were graphed. Orthogonal contrasts were used to test treatment differences 
in mean Cmn population densities across sampling times. Relationships between whole plant 
disease incidence and mean epiphytic Cmn population density were assessed using Pearson’s 
correlation analysis. Since none was found, no further relationships were examined. 
 
Results 
Disease Incidence  
At the whole-plant level, treatment differences in Goss’s leaf blight incidence were 
detected (P<0.0001) (Table 2.1).  Plants that were inoculated and kept under ambient humidity 
conditions had lower incidence of symptomatic plants (37.0% incidence), compared to plants in 
the increased humidity treatments (60.0% incidence). No disease developed in the negative (non-
inoculated) control treatment, while all plants in the positive (inoculated then wounded) control 
treatment were symptomatic on the final assessment date.  
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Plants with typical Goss’s leaf blight lesions were first observed 7 DAI in the inoculated 
wounded treatment (positive control), and the inoculation and increased humidity treatment 
(96.7% and 10%, respectively) (Figure 2.2). In the inoculation and ambient humidity treatment, 
symptoms were first observed a few days later (10 DAI). On subsequent observation dates, the 
number of symptomatic plants in all inoculated treatments increased over time.  Leaf blight 
lesions started from the tip or edge of the leaf and extended down the leaf towards the leaf sheath 
over time (Figure 2.3). 
An effect of inoculation was tested on the incidence of disease at the leaf level (leaf 
incidence) (Table 2.1). The highest incidence of leaves with Goss’s leaf blight symptoms was 
observed on inoculated and wounded plants (51.8%), followed by plants exposed to high 
humidity after inoculation (33.3%), and plants exposed to ambient humidity after inoculation 
(13.3%). Leaf incidence increased over time in these three treatments (Figure 2.4). Area under 
the disease progress curve based on leaf incidence data also differed among inoculation 
treatments (P<0.0001) (Table 2.1). The AUDPC values for plants inoculated and kept under 
ambient (low) humidity were not different from that of non-inoculated control plants (P=0.0733). 
Plants exposed to increased RH immediately after inoculation had greater AUDPC values (0.15) 
compared to plants that were inoculated and kept under ambient (low) humidity conditions (0.04) 
(P<0.0001), but this AUDPC value was lower than that of the positive control (0.26) (P<0.0001). 
Epiphytic colonization 
Epiphytic population data from all three experimental runs were analyzed together.  
Inoculation treatment differences were detected (P<0.0001) (data not presented). The pathogen 
was only detected in leaf washes from inoculated leaves (Figure 2.5), and the frequency of Cmn-
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positive samples, which ranged from 75% to100% at each sampling time, was always highest 
(100%) from leaves of inoculated and wounded plants (data not shown).  
Orthogonal contrasts of mean epiphytic Cmn population densities across all times, were 
lower on plants that were exposed to ambient humidity conditions after inoculation (log10 4.27 
cfu/g) compared to population densities on plants that were exposed to increased relative 
humidity immediately after inoculation (log10 4.51 cfu/g; P=0.0028).). Samples from plants that 
were inoculated and wounded had a mean Cmn population density (log10 4.48 cfu/g) that was not 
different from population density detected in the inoculated/increased humidity treatment 
P=0.9047. However, these mean population densities were higher than those recovered from 
plants that were inoculated and then exposed to ambient relative humidity (log10 4.27 cfu/g; 
P=0.0035). 
Visualization of colonization on corn leaves by Cmn  
  Twelve hours after spray-inoculation, single cells and aggregates of Cmn cells were 
occasionally observed located on the stomata and around the guard cells (Figure 2.6 B).Cmn 
cells and aggregates were frequently observed scattered over the leaf surface, particularly around 
trichome bases, cuticle depressions, along the veins, and at epidermal cell junctions (Figures 2.6 
C and D). 
SEM imagery of leaf surfaces within rings prepared 12 HAI showed more Cmn cells 
present on the leaf surface in similar locations observed when the leaves were spray inoculated 
with the bacterium. With the ring method of inoculation however, Cmn cell aggregates were 
more frequently observed on guard cells, around the edge of stomata and within stomata 
openings (Figure 2.7 A and inset). Furthermore in tissues sampled at 72 HAI, Cmn cells were 
observed within the substomatal chambers.  Leaf fractures exposed mesophyll cells with rows of 
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substomatal chambers (Figure 2.5 7 and inset), within which we observed single cells or 
aggregates of Cmn were observed (Figure 2.7 C and inset).   
Epifluoresence imagery of leaf surfaces sampled at 12 HAI showed cells and aggregates 
of Cmn scattered on the leaf surface, especially along leaf veins, and occasionally on or around 
stomata and guard cells (Figure 2.8).  At 10 DAI, colonization by Cmn of a cell in association 
with a stoma was observed (Figure 2.9). 
Discussion 
In this study, we used replicated greenhouse studies and showed that Goss’s leaf blight 
developed in the absence of wounding from an epiphytic source of Cmn.  Although, Schuster et 
al. (1983) observed Goss’s leaf blight around the leaf tips and edges of non-wounded spray-
inoculated plants in the greenhouse, he did not report data on the incidence of disease and no 
statistical analysis was done to compare disease incidence to that of wounded spray-inoculated 
plants. Using SEM, we observed Cmn colonizing sheltered areas of the leaf surface (cuticle 
depressions, along the veins, and at epidermal cell junctions) and in association with stomata and 
the base of trichomes.  
In the first 24 hours after inoculation, we detected a decline in epiphytic Cmn populations 
on leaves. Those bacterial cells that did survive the first 24 hours after inoculation (HAI) 
multiplied so that there after we detected a steady increase in the Cmn population on the leaf 
surface over time. Marcell and Beattie (2002) observed a similar decline in the first 24 HAI, 
followed by increasing Cmn population density.  Furthermore, higher relative humidity in our 
study aided survival of Cmn on the leaf surface since larger populations of Cmn were detected 
following exposure to high humidity immediately after inoculation, and these larger populations 
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probably contributed to the greater plant and leaf incidence of Goss’s leaf blight that we 
observed.  
In the current study, lesion development on spray-inoculated, non-wounded plants in the 
greenhouse was similar to that observed in the field on apparently unwounded plants, lesions 
developed from the tips and edges of leaves. Schuster et al. (1983) observed a similar pattern of 
infection in preliminary greenhouse experiments, we added to that by conducting replicated 
controlled greenhouse studies and observed disease occurring without severe wounding, though 
wounding was clearly very important for disease to occur. No superficial wounds were observed 
microscopically on the surface of sampled leaves. Corn leaves have stomata that occur along the 
edge of the leaf (Croxdale 2000; Driscoll et al. 2006). Stomata are usually open under high 
humidity conditions (Loftfield 1921; Zheng 2013).  Since our treatment with higher humidity 
likely resulted in more open stomata, and we detected higher epiphytic populations, the higher 
disease incidence we observed might be explained by a greater chance of infection via stomata. 
Sharon et al. (1982) reported that even small numbers of X. campestris pv vesicatoria, located in 
advantageous sites on bell pepper leaf surfaces, could multiply under conducive conditions, enter 
leaves through stomata, and eventually cause disease.  
When we used the spray inoculation method, more often than not, we observed single 
cells of Cmn scattered over the leaf surface, and occasionally a bacterial cell associated with a 
stoma.  We did observe one cell in association with a stoma that appeared to have been colonized 
by Cmn (Figure 2.9).  Since Cmn does not possess any motile structures, and is therefore 
immobile on the leaf surface, landing on the lip of a stoma is likely to be a fortuitous and chance 
event. When non-wounded sweet corn leaves were inoculated with Acidovorax avenae subsp. 
avenae without wounding, doses as low as 102 cells mL-1 resulted in typical lesions of bacterial 
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leaf blight (Gitaitis et al. 1981). Nevertheless, to observe ingress through stomata, Gitaitis used 
higher doses of 109 cells mL-1 to increase the chance of observing this rare phenomenon, and 
thus provided evidence that the low frequencies of bacterial cells detected within substomatal 
chambers approximately 5.5 HAI likely entered through the stomata. Similarly in our study, only 
when we applied a suspension of Cmn (108 cfu mL-1) to a confined area of the leaf surface with 
the ring inoculation method did we observe Cmn cells in substomatal chambers at 72 HAI.  
Stomata and other natural openings on plant surfaces were for a long time believed to be 
passive openings through which pathogens enter by chance. However, recent studies of infection 
process of Pseudomonas syringae in Arapidopsis thaliana (Melotto 2006) showed that stomata 
participate in an innate plant immunity response that inhibits bacterial penetration, and stomata 
actually close in response to the signals emitted in the presence of pathogens. In order to 
overcome this resistance strategy, the pathogens in turn have evolved virulence factors to keep 
stomata open and allow for ingress. In our study, we did not determine if corn stomata respond to 
the presence of Cmn. 
We often observed aggregates of Cmn associated with trichomes on the edge of the leaf.  
Bashan et al (1981) observed extensive multiplication of Pseudomonas syringae pv. tomato at 
the base of trichomes.  Their work suggested that bacteria in this area are the primary source of 
inoculum for bacterial speck, and that trichomes are target sites for infections.  We occasionally 
observed broken trichomes on the corn leaf samples we collected in our microscopic studies.  It 
is not clear from our studies if trichomes (broken or not) may also serve as site of ingress for 
Cmn; however, infection of tomato by epiphytic C. michiganensis subsp. michiganensis can 
occur via broken trichomes (Chang et al. 1992; Gleason et al., 1993). Further work is needed to 
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explore if epiphytic Cmn preferentially colonizes corn leaves at the bases of trichomes, and if 
this area is a site of infection for the pathogen.  
In conclusion, our greenhouse studies demonstrated that Cmn can infect corn in the 
absence of significant wounding.  Our studies also suggest that stomata or trichomes on the 
edges of leaves may serve as infection courts for epiphytic Cmn populations.  This insight into 
the interaction of Cmn with corn furthers our understanding of this economically important 
pathosystem. Further research is needed however to assess the role of epiphytic Cmn in the 
development of Goss’s wilt and leaf blight in field conditions.   
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Table 2.1 Final mean incidence of plants and leaves with Goss’s wilt and leaf blight symptoms 
and standardized (relative) area under the disease progress curve, based on leaf incidence 
(AUDPC), assessed after four inoculation treatments were applied to a susceptible corn hybrid, 
AG6309. Corn plants at the V5 crop development stage inoculated with a 108 cfu ml-1 suspension 
of Clavibacter michiganensis subsp. nebraskensis in 2013 at the Iowa State University, Plant 
Pathology and Microbiology greenhouse in Ames, Iowa 
                           Treatment 
Plant disease  
incidence (%)a 
Leaf disease  
incidence (%)b 
Leaf disease  
AUDPC 
 
1 Noninoculated ambient RH 0.0   0.0    0.00   
2 Inoculated ambient RH 37.0 13.3    0.04   
3 Inoculated high RH 60.0 33.3 0.15   
4 Inoculated wounded 100.0  51.8 0.26   
P value <0.0001 <0.0001 <0.0001   
Contrastsc P P P   
1 vs 2 <0.0001 0.0012 0.0733   
2 vs 3 <0.0001 <0.0001 <0.0001   
3 vs 4 <0.0001 <0.0001 <0.0001   
a Plant incidence (combined) was calculated from the number of plants with disease.  
b Leaf incidence was calculated as the proportion of leaves  with disease present.  
c Orthogonal contrasts: Non-inoculated treatment vs. inoculation + exposure to ambient humidity 
(1 vs. 2), inoculation followed by exposure to ambient relative humidty vs. inoculation followed 
by exposure to increased humidity (2 vs. 3), and inoculation + high humidity vs. inoculation + 
wounding (3 vs. 4).  
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List of Figures 
Figure 2.1 Symptoms of Goss’s leaf blight developing from the tips, and progressing towards the 
stalk on leaves with no obvious physical injury corn in this Iowa corn field. 
 
Figure 2.2 Mean disease incidence of plants with Goss’s wilt and leaf blight symptoms of a 
susceptible corn hybrid (AG6309) following inoculation with Clavibacter michiganensis subsp. 
nebraskensis (108 cfu/ml) at the V5 crop developmental stage. 
 
Figure 2.3 Goss’s leaf blight lesion development on unwounded plants inoculated with 
suspension of Clavibacter michiganensis subsp. nebraskensis (108 cfu/ml) in the greenhouse.  
 
Figure 2.4 Mean leaf disease incidence of Goss’s wilt and leaf blight symptoms on a susceptible 
corn hybrid (AG6309) spray inoculated at the V5 crop developmental stage with Clavibacter 
michiganensis subsp. nebraskensis (108 cfu/ml). 
 
Figure 2.5 Mean epiphytic population densities of Clavibacter michiganensis subsp.  
nebraskensis (Cmn) detected on leaves sampled from a susceptible corn hybrid (AG6309) 
following spray inoculation of the pathogen (108 cfu/ml) on experiments conducted in 2013. 
 
Figure 2.6 SEM images of corn leaves 12 hours after spray inoculation with Clavibacter 
michiganensis subsp. nebraskensis (Cmn) (108 cfu/ml): (A) representative stoma (st) on a non-
inoculated leaf; no bacterial cells were detected on stoma or elsewhere on the leaf surface; (B) 
several solitary Cmn cells and aggregates of Cmn detected on stoma and around surface of 
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inoculated corn leaf; (C) Cmn cells colonizing epidermal cell junctions and depressions in the 
cuticle; and (D) Cmn cells and aggregates at the base of a trichome and Cmn cells on a trichome 
shown at higher magnification(inset) 
 
Figure 2.7 SEM images of corn leaf fractures prepared 72 hours after a suspension of 
Clavibacter michiganensis subsp. nebraskensis (108 cfu/ml) was placed on the leaf surface. (A) 
Individual bacterial cells and aggregates of Cmn observed on, within and around a stoma (st) on  
the surface of an inoculatedcorn leaf; the inset shows rod-shaped bacterial cells within a 
substomatal chamber. (B) Mesophyll cells with organelles, row of substomatal chambers (ssc), 
major vein (mv), (meso) mesophyll cells; Inset: single Cmn cellswithin a substomatal chamber. 
(C) Singlecells and aggregates of Cmn observed within a substomatal chamber   
 
Figure 2.8 Epifluoresence image of a corn leaf 12 hours after spray inoculation with Clavibacter 
michiganensis subsp. nebraskensis (108 cfu/ml). Note individual bacterial cells and aggregates of 
Cmn scattered on the leafsurface along the vein. Inset: a single bacterial cell on a stoma 
 
Figure 2.9 Epidermal cell associated with a stoma of a corn leaf colonized byClavibacter 
michiganensis subsp. nebraskensis observed 10 days afterinoculation of an unwounded corn 
plant with a suspension of the bacterium (108 cfu/ml) in the greenhouse. 
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Figure 2.1 Symptoms of Goss’s leaf blight developing from the tips, and progressing towards the 
stalk on leaves with no obvious physical injury corn in this Iowa corn field. 
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Figure 2.2 Mean plant disease incidence of plants with Goss’s wilt and leaf blight symptoms of a 
susceptible corn hybrid (AG6309) following inoculation with Clavibacter michiganensis subsp. 
nebraskensis (108 cfu/ml) at the V5 crop developmental stage. 
*Inoc-Inoculated 
  
71 
 
Figure 2.3 Goss’s leaf blight lesion development on unwounded plants inoculated with 
suspension of Clavibacter michiganensis subsp. nebraskensis (108 cfu/ml) in the greenhouse. 
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Figure 2.4 Mean leaf disease incidence of Goss’s wilt and leaf blight symptoms on leaves of a 
susceptible corn hybrid (AG6309) spray inoculated at the V5 crop developmental stage with  
Clavibacter michiganensis subsp. nebraskensis (108 cfu/ml) 
*Inoc-Inoculated 
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Figure 2.5 Mean epiphytic population densities of Clavibacter michiganensis subsp.  
nebraskensis (Cmn) detected on leaves sampled from a susceptible corn hybrid (AG6309) 
following spray inoculation of the pathogen (108 cfu/ml) on experiments conducted in 2013. 
 *Inoc-Inoculated 
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Figure 2.6. SEM images of corn leaves 12 hours after spray inoculation with Clavibacter 
michiganensis subsp. nebraskensis (Cmn) (108 cfu/ml): (A) representative stoma (st) on a non-
inoculated leaf; no bacterial cells were detected on stoma or elsewhere on the leaf surface; (B) 
several solitary Cmn cells and aggregates of Cmn detected on stoma and around surface of 
inoculated corn leaf; (C) Cmn cells colonizing epidermal cell junctions and depressions in the 
cuticle; and (D) Cmn cells and aggregates at the base of a trichome and Cmn cells on a trichome 
shown at higher magnification(inset) 
*SEM- Scanning electron microscopy 
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Figure 2.7. SEM images of corn leaf fractures prepared 72 hours after a suspension of 
Clavibacter michiganensis subsp. nebraskensis (108 cfu/ml) was placed on the leaf surface. (A) 
Individual bacterial cells and aggregates of Cmn observed on, within and around a stoma (st) on  
the surface of an inoculatedcorn leaf; the inset shows rod-shaped bacterial cells within a 
substomatal chamber. (B) Mesophyll cells with organelles, row of substomatal chambers (ssc), 
major vein (mv), (meso) mesophyll cells; Inset: single Cmn cellswithin a substomatal chamber. 
(C) Single cells and aggregates of Cmn observed within a substomatal chamber  
*SEM- Scanning electron microscopy 
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Figure 2.8. Epifluoresence image of a spray inoculated leaf sample 12 hours after inoculation 
with Clavibacter michiganensis subsp. nebraskensis. Note Individual bacterial cells and 
aggregates of Cmn scattered on the leaf surface along the vein. Inset: a single bacterial cell on a 
stoma. 
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Figure 2.9  Epidermal cell associated with a stoma of a corn leaf colonized by Clavibacter 
michiganensis subsp. nebraskensis  observed 10 days after inoculation of an unwounded corn 
plant with a suspension of the bacterium (108 cfu/ml) in the greenhouse. 
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CHAPTER 3 
EFFECT OF MAIZE HYBRID AND FOLIAR FUNGICIDES ON YIELD UNDER LOW 
FOLIAR DISEASE SEVERITY CONDITIONS 
 
A Paper Published in Phytopathology 2015 
Sally O. Mallowa, Paul D. Esker; Pierce A. Paul, Carl A. Bradley, Venkata R. Chapara, Shawn 
P. Conley and Alison E. Robertson. 
 
Abstract 
Foliar fungicide use in the U.S. Corn Belt increased in the last decade; however, 
questions persist pertaining to its value and sustainability. Multi-state field trials were established 
from 2010 to 2012 in Illinois, Iowa, Ohio and Wisconsin to examine how hybrid and foliar 
fungicide influenced disease intensity and yield. The experimental design was in  a split-split 
plot with main plots consisting of  hybrids varying in resistance to gray leaf spot (caused by 
Cercospora zeae-maydis) and northern corn leaf blight (caused by Setosphaera turcica), sub-
plots corresponding to four application timings of the fungicide pyraclostrobin, and sub-sub plots 
represented by inoculations with either C. zeae-maydis, S.  turcica or both at two vegetative 
growth stages.  Fungicide application (VT/ R1) significantly reduced total disease severity (TDS) 
relative to the control in 5 of 8 site years (P <0.05.  Disease was reduced by approximately 30% 
at Wisconsin in 2011, 20% at Illinois in 2010, 29% at Iowa in 2010, and 32% and 30% at Ohio 
in 2010 and 2012, respectively. These disease severities ranged from 0.2-0.3% in Wisconsin in 
2011 to 16.7 to 22.1% in Illinois in 2010.  The untreated control had significantly lower yield (P 
<0.05) than the fungicide-treated in three site-years. Fungicide application increased the yield by 
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approximately 6% at Ohio in 2010, 5% at Wisconsin in 2010 and 6% in 2011. Yield differences 
ranged from 8403-8890 kg /ha in Wisconsin 2011 to 11362-11919 kg /ha in Wisconsin 2010. 
Results suggest that susceptibility of a hybrid to disease and prevailing environment are 
important drivers of observed differences.  
 
Introduction 
During the past decade, maize (Zea mays L.) production in the U.S. Corn Belt has seen an 
increase in the use of foliar fungicides (Munkvold et al. 2008)). Previously, the application of 
foliar fungicides to maize was rare, since the yield response was not sufficient to economically 
offset the cost of the fungicide (Munkvold et al. 2001; Wegulo et al. 1997; Paul et al., 2011). In 
recent years, however, a high grain prices, has led to increased land area under maize production. 
Purported yield enhancement associated with quinone outside inhibitors (QoI; sometimes 
referred to as strobilurins) have encouraged the use of foliar fungicides (Bradley 2012).  
Maize is susceptible to several foliar fungal spot and blight diseases (White., 1999; 
Balint-Kurti and Johal 2009), including gray leaf spot (GLS), caused by Cercospora zeae-
maydis, (anamorph) and northern corn leaf blight (NCLB), caused by Setosphaera turcica – 
teleomorph (Exserohilum turcicum – anamorph).  Traditionally, resistant hybrids or cropping 
practices, such as, crop rotation and tillage, have been successfully used to manage these 
diseases.  However, minimal rotation and reduced or no-tillage have increased residue (Boosalis 
et al. 1986) over the past two decades and  increased the risk of residue-borne disease-driven 
yield loss in maize, thus leading to greater interest in foliar fungicides (Wise and Mueller 2011). 
While fungicide use on corn was rare prior to 2002, and un-reported by USDA until 2005, 
Munkvold et al. (2008) estimated fungicide use at approximately 18% of acreage planted in the 
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major corn producing states in that year. In 2010 the fungicide-sprayed acreage was estimated to 
be approximately 10% of acreage planted (Munkvold et al. 2001; Munkvold et al. 2008; 
Battaglin et al. 2011; Wise and Mueller 2011).  
The decision to apply a foliar fungicide to maize is usually based on the developmental 
stage of the crop, environmental factors, the susceptibility of the host, and disease severity 
(Nelson and Meinhardt 2011). The effectiveness of such applications largely depends on their 
timing (Ward et al. 1997). Current recommendations are for application of foliar fungicides to 
maize at anthesis -crop development stages VT to R1 (Abendroth et al. 2011).  These are based 
on the use of a measure that leads to the defining of characteristics for when to spray, i.e. a 
disease threshold of 5 % severity on the third leaf below the ear leaf and above on 50 % of the 
plants in the field at anthesis (Munkvold 1997). The range of crop development stages VT to R1 
covers tassel emergence, silking, pollination and fertilization.  Thus the number of harvestable 
kernels is determined and is a function of conditions during this period (Abendroth et al. 2011). 
A fungicide application at the R2/R3 (blister/milk) crop developmental stages provides 
protection from fungal infection to the leaves in the upper canopy and ensures their continued 
photosynthetic activity through to the R4-R5 (Munkvold 1997) crop developmental stages while 
grain fill takes place (Abendroth et al. 2011). Most of the VT/R1 threshold-based fungicide 
application guidelines were developed in the 1990s for DeMethylation Inhibitor (DMI) 
fungicides, (Munkvold 1997; Munkvold et al. 2001). In the past decade however, several new 
classes of fungicides with different modes of action, including strobilurin and succinate 
dehydrogenase inhibitor (SDHI) fungicides have been registered for use on maize in the U.S. 
(Hewitt 1998).   
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Another factor responsible for increased fungicide use since 2007 is the marketing of 
strobilurins for yield enhancement in the absence of disease (Bartlett et al. 2002; Venâncio et al. 
2003). Yield enhancement has been attributed to physiological effects (plant health benefits) 
related to greater water and nitrogen use efficiency (Ruske et al. 2003), increased antioxidant 
activity (Wu and Tiedemann 2002), delayed leaf senescence and increased stand-ability of maize 
at harvest (Venâncio et al. 2003; Wise and Mueller 2011). Questions regarding the frequency of 
a positive yield response, economic benefit and justification for this use of fungicides, sometimes 
at the expense of other viable disease management options, however have been raised (Costa et 
al. 2012; Munkvold et al. 2001; Paul et al., 2011). In order to ensure sufficient sustainability, 
strobilurin fungicides should be part of an IPM system that minimizes the risk of development of 
resistant subpopulations of the pathogens being managed (Brent and Hollomon 2007; Vincelli 
2002). 
Paul et al. (2011) used meta-analysis to synthesize research findings from multiple 
individual trials (2002-2009) with multiple variables (hybrid, environment, trial design, 
fungicides), on maize response to the most widely used foliar fungicides.  These analyses 
indicated a positive yield response even at low disease though this was not always economically 
beneficial.  Therefore, the objective of the current study was to develop a model within an IPM 
framework that could be used to determine how different disease intensities affect maize yield 
and how different management tactics (resistance and fungicide application) may mitigate these 
effects.    
We hypothesized that depending on the maize hybrid and environment, foliar and stalk 
diseases may influence grain yield individually or in combination. This effect of diseases on 
yield may in turn influence the economic value of using a foliar fungicide. To test these 
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hypotheses, coordinated field experiments were conducted in Illinois, Iowa, Ohio and Wisconsin. 
The novelty of our approach was in the use of the same hybrids, fungicide and its application 
timing and inoculation at all locations with the specific objectives of investigating: (i) the effects 
of fungicide application timing on the intensities of foliar disease and stalk rot development and 
(ii) yield response in hybrid maize with varying levels of resistance to foliar diseases.  
Materials and Methods 
Multi state field trials were established from 2010 to 2012 at the following locations: 
University of Illinois Crop Sciences Research and Education Center near Champaign, IL in 2010 
and 2011 (40°06’11.62′′ - 88°23′55.36′′),   Iowa State University South Woodruff Farm near 
Napier, IA in 2010 and 2011  (41°98′00.39′′, - 93°69′34.73′′), University of Wisconsin Arlington 
Agricultural Research Station near Arlington, WI in 2010 and 2011 (43°18′56.02′′ - 
89°19′58.30′′), the Ohio State University beef and sheep research unit, Wooster, OH in 2010, 
(40°71′83.3′′ 81°89′45.05′′) and Western Agricultural Research Station near South Charleston, 
OH in 2012 (39°86′02.01′′  83°67′01.21′′). Trials were planted between days 125 and 139 of the 
year (5 May to 20 May), with the exception of the trial at Wooster, OH in 2010, which was 
planted on day 145 (25 May) of the year (Table 3.1). Rainfall, relative humidity % and daily 
temperature data for the months of May to October for all site-years were downloaded from 
NOAA website for the airport nearest to the location (accessed 20th September 2013). Data on 
the 30 year average (normal) (Environment Canada 2011) for the same parameters was also 
noted.   
All trials were established in no to minimum-tilled fields planted with maize the previous 
growing season, mimicking a conservation-tillage/continuous-maize cropping system. Trials 
were managed according to local University extension recommendations related to agronomic 
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practices (Dodd 1980; Mueller and Sisson 2013; Nafziger 2009; Thomison et al. 2005). The 
experimental design was a randomized complete block with split-split-plot arrangement of 
hybrid, fungicide treatment and inoculation in four replicate blocks. The whole plot treatment 
was hybrid (four levels; two levels in Ohio 2012), the subplot was fungicide application timing 
(four levels), and the sub-sub-plot was inoculation treatments (10 levels), hereafter referred to as 
the “plot”. Each plot consisted of four 7.62 m long rows, spaced 76.2 cm apart.  There were a 
total of 640 plots at each site-year except for Ohio 2012 with 320 plots. 
Four yellow dent corn hybrids, differing in levels of partial resistance to  GLS and 
multigenic resistance to NCLB, were obtained from DuPont Pioneer Hi-bred International 
(Johnston, IA): (i)‘P0461XR’ (104 days to comparative relative maturity [CRM 104 days], and 
susceptible to GLS and NCLB, (ii) ‘P0891XR’ (CRM 108 days and resistant to GLS and 
NCLB), (iii) ‘P35F44’ (CRM 105 days, resistant to NCLB and susceptible to GLS) and (iv) 
‘P33W84’ (CRM 111 days, resistant to GLS and susceptible to NCLB). All four hybrids were 
planted in all site-years, except for Ohio in 2012 when only ‘P0891XR’ and ‘P0461XR’, were 
planted. 
The following fungicide treatments:- an untreated control (UTC), a single application of 
Headline® (pyraclostrobin, BASF, Research Triangle Park, NC) made (i) between anthesis and 
silking (VT/R1) stages (Abendroth et al. 2011), or (ii) between blister and milk (R2 - R3, 
respectively) stages, or (iii) using a foliar disease severity threshold (T) were evaluated . The 
threshold-based applications were made when GLS or NCLB lesions were observed on the third 
leaf below the ear or above on 50% of the plants in the sub-plot (Munkvold 1997). At the Ohio 
location in 2010, there were 3 replicates of the threshold treatment, while in Wisconsin trial in 
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2011, no threshold treatment was applied since the threshold was not observed; therefore, this 
treatment was considered as another replication of the untreated control.  
Each sub-plot was divided into ten 4-row plots that were inoculated with different 
combinations of C. zeae-maydis (Czm) and S. turcica (St) between crop development stages V6 
and V12 to ensure pathogen presence and increase the chances of infection. In Iowa and Ohio, 
plots were inoculated either at V6, V9, or at both V6 and V9, whereas in Illinois and Wisconsin, 
plots were inoculated either at V9, V12, or at both V9 and V12. Inoculation treatments consisted 
of non-infested sterilized grain (UTC), sterilized grain infested with Czm alone, St alone, or a 1:1 
mixture of sterilized grain infested with Czm and St. Inoculum was prepared as previously 
described (Venâncio, et al. 2003), using sorghum (Sorghum bicolor) as the carrier, except in 
Ohio where white millet (Panicum miliaceum) was used (Wallhead et al. 2012). Approximately 
18-20 kernels of infested grain inoculum were dispensed into the whorl of each plant in the two 
center rows of each plot at the appropriate crop development stages.  
Foliar Disease Severity Assessments 
 Foliar disease severity was assessed in all plots. The number of disease assessments 
varied by trial, ranging from a single assessment in both years in Ohio, two in Illinois in 2010, 
and three at all other site-years. The date and growth stage at which disease severity was 
assessed also varied among sites (Table 3.1), ranging from 55 to 116 days after planting (dap), 
which corresponded to crop developmental stages R1 and R5 respectively. For the purpose of 
data analysis and treatment comparison, disease assessment data from 80 dap to 93 dap 
(approximate crop developmental stage early R5) were used in 2010, and 103 and 116 dap 
(approximate crop developmental stage mid to late R5) in 2011 and 2012. Plots were evaluated 
by quantifying disease severity (percentage leaf area covered with lesions) on the ear leaf, one 
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leaf above the ear leaf and one leaf below the ear leaf. Severity of NCLB and GLS were assessed 
separately in both years in Iowa and Wisconsin, and in 2010 in Ohio. Notes were taken on 
several other foliar diseases including anthracnose leaf blight (caused by Colletotrichum 
graminicola), common rust (caused by Puccinia sorghi) and eyespot (caused by Kabatiella 
zeae), (data not shown). In Illinois in 2010 and 2011, and Ohio in 2012, a composite measure of 
disease severity was done by quantifying the percentage leaf area covered by lesions of all foliar 
diseases present; NCLB was the predominant disease in Ohio in 2012. The total mean severity of 
both diseases (GLS and NCLB) was combined for the different treatments and used in the 
analysis. 
Stalk Rot Assessments   
At physiological maturity (R6), stalk rot severity was estimated on three or six 
consecutive plants in each of the two center rows of each plot, depending on state. Plants in each 
plot were destructively sampled and split longitudinally from the ear down to the soil line and 
stalk rot severity assessed using a 0 to 5 rating scale, (0 = no stalk rot evident and 5 = complete 
destruction of the pith with lodging below the ear),  similar to that used by Hines (2007). 
Assessments of plots were made on a conditional basis meaning that control plots were assessed 
first. If stalk rot severity was, on average, equal to a rating of 2 or higher, the rest of the plots 
were assessed, and if not, no further assessments were made. All plots were scored at Iowa in 
2010, at Illinois in 2010 and 2011, only control plots were rated at Iowa in 2011, at Ohio in 2010 
and at Wisconsin in 2010.   
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 Yield Assessments 
 After physiological maturity (crop developmental stage R6), the remaining plants in the 
two center rows of each plot were harvested using a plot combine with a scale and grain moisture 
sensor installed. Yields were converted to kg/ha and were standardized to 15.5% moisture. 
Statistical analyses 
 Data were analyzed using PROC GLIMMIX of SAS v. 9.2 (SAS Institute, Cary, NC) 
(Littel et al. 2006), to examine the effect of the different treatments on both disease severity and 
yield. Exploratory analyses indicated large variations across trials; therefore, each individual 
site-year was analyzed separately. For all analyses the level of significance was set to 5% (α = 
0.05) and Fisher’s protected least significant difference (LSD) was used to compare treatments. 
Furthermore, when significant interactions were found, the SLICE option in SAS was used to 
examine these at the level of each main effect. Graphical methods including boxplots and 
histograms were used to visualize means stratified by hybrid, fungicide, inoculation, and/or their 
interactions. Correlation was tested for the association between foliar disease and stalk rot. 
Results from the exploratory analysis showed, that the use of a square-root or logit 
transformation did not reduce the over-dispersion of zero’s observed in scores for the two 
diseases (GLS and NCLB). Therefore disease severity data were analyzed without 
transformation. For final models hybrid, fungicide timing and inoculation were considered fixed 
effects, while replication and whole plot and sub plot errors were considered random effects. Due 
to missing observations, degrees of freedom were calculated based on the Kenward-Rogers 
method (Littel et al. 2006).  
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Results 
Weather Data Summary 
The average monthly trends during the period of each trial for rainfall, temperature and 
relative humidity are presented in Table 3.2. The thirty year average (normal) weather data used 
in this study were from weather stations near each site. We placed emphasis on July and August 
when fungicide application and most disease ratings were done. Temperature averages ranged 
from 22.8 to 25.0°C in July and August of 2010; and between 18.6°C and 25.6°C in July and 
August of 2011. Rainfalls were normal, except for Wisconsin 2010 with 203 mm in July and 
Iowa 2010 with 381mm in August that were above normal while in Illinois 2011 August rainfall 
at 37 mm was below average. 
In 2010, the temperature in June and July was near normal, while in August, September 
and October temperatures were above normal across the four states, except for Wisconsin where 
an early frost occurred.  In June 2010 rainfall was above normal in Iowa and some plots flooded 
resulting in uneven growth in the trial. In August rainfall was above normal in Iowa and 
Wisconsin. The second year of the study started with above normal rainfall in Iowa, Illinois, and 
Ohio in May; however it was 75% of the normal in Wisconsin.  In Iowa and Illinois the rainfall 
was above normal in June and below normal in Ohio. July was drier than normal at all sites and 
this continued through August in Iowa and Illinois; however the rainfall was above normal in 
Wisconsin and normal in Ohio. 
At all locations, June temperatures were slightly below normal.  Conditions in July 
throughout the region were warmer than normal, and this trend continued through September. 
Warm windy conditions were prevalent at all locations in October. The 2012 growing season in 
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Ohio was characterized by warm and dry conditions, the daily mean temperature (25.5 °C) in 
July was the warmest since 1934,  
Foliar Diseases 
There were no statistically significant three way interactions of fixed effects at any site-
year, nor two way interactions of fungicide application by inoculation, and hybrid by fungicide 
application observed for the disease severity (Table 3.3 and Supplementary Table in Appendix 
A). However, a significant effect of the hybrid by inoculation interaction on disease was 
observed at Illinois in 2010, at Ohio in 2010 and at Ohio in 2012 (P <0.0001, P <0.0001, P 
=0.0012, respectively). Hybrid ‘P0461XR’ (susceptible to both GLS and NCLB) when 
inoculated with both pathogens consistently had higher disease severity than the other hybrid by 
inoculation combinations. At Illinois in 2010, the non-inoculated control had the lowest levels of 
disease, significantly lower than in the inoculated treatments for all the hybrids. At Ohio in 2010 
(P <0.0001), there was no significant difference in mean disease severity between Czm 
inoculated treatments (‘P35F44’ 1.1%, ‘P33W84’ 0.2%, ‘P0461XR’ 0.7% and ‘P0891XR’ 0.5%) 
and non-inoculated treatments for any hybrid (‘P35F44’ 0.2%, ‘P33W84’ 0.1%, ‘P0461XR’ 
0.4% and ‘P0891XR’ 0.1%). However, inoculation with St resulted in significantly higher mean 
disease severity (‘P35F44’ 6.4 %, ‘P33W84’ 4.9%, ‘P0461XR’ 8.0% and ‘P0891XR’ 1.6% when 
compared to the non-inoculated control or plants inoculated with Czm alone.  Similarly, at Ohio 
in 2012 (P =0.0012), the non-inoculated control had less disease in two of the hybrids, 
‘P0461XR’ (4.3%) and ‘P0891XR’ (2.3%), although this treatment was only significantly 
different from the inoculation treatment with both Czm and St pathogens in hybrid ‘P0461XR’ 
with susceptibility to both GLS and NCLB (11.9%; P =0.0012) (Figure 3.1).  
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Table 3.3 summarizes P values from fixed effects in all site-years.  Trials in which P < 
0.05, are bolded, indicate differences in treatments and thus emphasize factors that could drive 
interactions observed. In the case of Illinois in 2010, Ohio in 2010 and Ohio in 2012, hybrid, 
fungicide and inoculation affected disease severity. A significant effect of fungicide on disease 
was observed at Iowa in 2010 (P =0.0304) and at Wisconsin in 2011 (P =0.0396). Inoculation 
had a significant effect on severity at Iowa in 2011 (P =0.0477). In 2010, mean foliar disease 
severity across hybrids was low (<5%) in Iowa, Ohio, and Wisconsin but considerably higher in 
Illinois (11% to 30%). In the second year foliar disease severity ranged from 2% to 23% at 
Illinois in 2011, however it was generally lower, <2%, across all treatments at Iowa in 2011, at 
Wisconsin in 2011 and at Ohio in 2012, (Figure 3.2).  
Disease severity in all the trials was generally low, < 25%, in all sites.  Fungicide 
application affected disease in Iowa (P =0.0304, Illinois (P <0.0001), and Ohio (P =0.0491) in 
2010, Wisconsin (P =0.0396) in 2011 and Ohio (P =0.0229) in 2012, the percent disease 
reduction was often quite small (Figure 3.3). An application of fungicide at VT/R1 reduced 
disease severity more than those at R2-R3, at disease threshold and the untreated control (Iowa, 
1.0%, 1.3, 1.3 and 1.4%,; Illinois, 16.7, 21.1, 22.1 and 20.9% and  Ohio, 1.5, 2.0, 2.0 and 2.2% 
respectively). (Iowa, 1.4%; Illinois, 20.9%; Ohio, 2.2%). Similarly at Wisconsin in 2011 and at 
Ohio in 2012, the highest mean disease severity was observed in the untreated control 
(Wisconsin 0.3%, Ohio 5.7%) compared to (Wisconsin 0.2%, Ohio 4.0%) in the fungicide 
applied at VT/R1 (Figure 3.3).  
Stalk Rot 
Stalk rot assessments were made in all plots at Iowa in 2010, Illinois in 2010 and Illinois 
in 2011. The disease estimate in control treatments was extremely low and did not justify 
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proceeding with further rating in any plots at Wisconsin in 2011 and at Ohio in 2012. There was 
no association between stalk and foliar diseases as only 1% to 3% of the variation in stalk rot 
could be predicted by the foliar disease (data not shown). There was no effect of fungicide 
application on stalk rot severity (P =0.6000) at Iowa in 2010; however, fungicides applied at the 
VT/R1 stage reduced stalk rot severity at Illinois in 2010 (P =0.0002) and at Illinois in 2011 (P 
=0.0441) (Table 3.4). Hybrid affected stalk rot at Illinois in 2011, where stalk rot ratings 
averaged 2; the hybrid ‘P0891XR’, which is resistant to GLS and NCLB, had a statistically 
higher score than the other hybrids (Table 3.5).  
Yield 
Grain yields were generally higher in 2011 and 2012 than in 2010 in Iowa, Illinois and 
Ohio locations (Figure 3.4 and Figure 3.5). There was an interaction of hybrid by fungicide 
application on yield at only one site-year, Wisconsin 2011 (P =0.005) (Table 3.6), where greater 
yields were measured on ‘P33W84’ and ‘P0461XR’ with fungicide applied at VT/R1 or at R2-
R3 compared to the untreated control. At this same location, an R2-R3 fungicide application on 
‘P0891XR’ also resulted in greater yields than the control (data not shown). Hybrid by 
inoculation affected yield in only one site-year, Illinois in 2011 (P =0.0089) (Table 3.6), where 
hybrids with resistance to NCLB consistently yielded better than the susceptible hybrids, and 
treatments that had inoculations with St at two different times had lower yields.  
In 2010, fungicide application affected yield in Illinois (P =0.0320), Ohio (P =0.0199) and 
Wisconsin (P <0.0001). The untreated control yielded lower than fungicide treated plots in 
Illinois, Ohio and Wisconsin (Figure 3.4). There were no differences with regard to application 
timing for these fungicide treated plots. Similarly, at Wisconsin in 2011 (P =0.0012), the 
93 
fungicide treatments yielded more than the untreated control, but were not different from each 
other (Figure 3.4). 
 Yield varied by hybrid at Wisconsin in 2010 (P =0.0011) and at Iowa in 2011 (P 
=0.0164) (Figure 3.5). The hybrid with resistance to GLS, ‘P33W84’, had the highest yields at 
Wisconsin in 2010 and at Iowa in 2011, while hybrid ‘P0461XR’ with susceptibility to both GLS 
and NCLB had the lowest yields. At Illinois in 2011, ‘P35F44’, with resistance to NCLB, had the 
greatest yield compared to the other hybrids (P =0.0264) that were not different from each other  
Discussion 
We evaluated the use of foliar fungicides on corn in standardized trials conducted in 
different environments across four states in the U.S. Corn Belt. Our research is unique because 
we used the same hybrids, fungicide product and application timings in all 8 site years.  Different 
hybrids, products or application timing confounds previous research that assessed foliar 
fungicides on corn. 
Despite inoculation at early growth stages to enhance disease development, final disease 
severity in 6 of the 8 site-years was low and strongly influenced by environment and hybrids.  In 
Illinois, variation in disease due to hybrid was moderate while variation related to fungicide 
application was low. Trials where fungicide application yielded higher corn yields (statistically 
significant) did not necessarily always also have disease significantly lowered when a fungicide 
was applied compared to the non-sprayed control  
Our data indicated consistently lower disease severity on resistant (partial/incomplete) 
hybrids, even in situations where disease severity was considered very low (<5%). Foliar 
diseases cause chlorosis and necrosis that reduce the photosynthetic ability of leaves. The use of 
foliar fungicides is most likely to be profitable when foliar disease severity is high (Paul et al., 
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2011). Nonetheless, while the protection from the application of a foliar fungicide is similar at 
low disease severity, meaning that the disease severity is reduced, economically it is not likely to 
be profitable and therefore has less direct impact on improving corn production (Johnson 1987). 
These results are similar to those observed in trials conducted between 2002 and 2009 in 
fourteen states (Paul et al. 2011) where the differences in either disease or yield due to a 
fungicide application were highly variable among studies. In our trials, fungicide application 
reduced combined GLS and NCLB disease severity in 4 of the 8 site-years, and an application 
made at VT/R1 was generally the most effective. These results are consistent with those reported 
by Nelson and Meinhardt (2011), who showed that the severity of GLS was reduced by an 
application of pyraclostrobin at VT in 4 out of 6 site-years and NCLB in one out of six site-
years.  
The efficacy of a fungicide depends on application timing and is influenced by the 
amount of disease that is present in the fields (Coulter 2010; Wise and Mueller 2011). In our 
research, applications made between VT and R1 were the most effective in lowering disease 
severity under either low or moderate disease conditions. This concurred with previous 
recommendations for fungicide application in the U.S. (Munkvold and Gorman 2006). However, 
this reduction in disease did not consistently translate into a yield benefit.  For example, in the 
2010 and 2011 Illinois trials, where disease intensity was considered moderate, there was a 
reduction in disease severity with fungicide application, but differences in yield were not 
statistically significant (P >0.05). A similar situation was observed at Iowa in 2010 trial, where 
disease severity was low and was reduced with fungicide application (P =0.0304), but 
differences in yield were again not significant. One explanation could be due to disease onset 
occurring later in the growing season and therefore not impacting grain fill. In addition hybrids 
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with resistance (incomplete/partial) to foliar diseases can withstand the diseases and show 
minimal impact on grain fill and yield even when foliar symptoms are present (Wallhead 2012). 
In our trial only P0461XR had susceptibility to both GLS and NCLB, while the other hybrids 
had resistance to at least one of the diseases.  In another study, Blandino et al. (2012) reported 
that earlier applications (V12–V15, pre-VT) were effective at reducing NCLB when disease 
severity was high, while applications from VT – R3 were effective in reducing NCLB when 
disease severity was low. However, in that study only applications around VT significantly 
increased grain yield compared to an untreated control. This emphasizes the influence of the 
presence of disease and timing of application on the grain yield when making comparisons to 
untreated controls.  
We did not consistently reduce disease when an application of fungicide was made at 
disease threshold (Munkvold 1997).  These results were not affected by whether the threshold 
treatment was met for both diseases at the same time, or for individual diseases, as observed in 
2010 at Ohio and in 2011 at Iowa. Shah and Dillard (2010), working with sweet corn in New 
York, reported that a threshold treatment of a strobilurin fungicide applied when 1% of a plot 
had foliar disease, reduced foliar disease by 8% compared to the control in a susceptible hybrid 
with up to 60% foliar disease severity, but there was no yield benefit. The inconsistencies 
between our work and that of Shah and Dillard (2010) could be due, in part, to the higher 
susceptibility of sweet corn to foliar disease or the threshold being conservative. The disease 
threshold for fungicide application is an area of research that warrants further investigation.  
The risk of GLS is affected by planting date and consequently crop growth stage relative 
to favorable weather, (Bhatia and Munkvold 2002; Paul and Munkvold 2005), thus final GLS 
severity may be greater on late planted maize compared to maize planted at the recommended 
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planting time. Growers in the Corn Belt are planting earlier compared to the past (Elmore 2013); 
consequently crops often reach reproductive stages before late July to early August when 
weather conditions are more favorable for foliar disease development. Decisions on fungicide 
application timing should take into consideration the environment in the current growing season 
and the crop developmental stage, so that the fungicide effective period overlaps with when the 
weather is favorable for disease. It has been suggested that fungicide application could lead to 
economic losses if done when disease risk is low (Paul et al. 2011).  In our trials, in three of eight 
site-years, we observed an increase in yield when foliar fungicides were applied in the absence of 
disease control (Illinois 2010, Wisconsin 2010 and Ohio 2012). QoI fungicides in the U.S. Corn 
Belt have been labeled for yield enhancing plant health benefits (Nelson and Meinhardt 2011). 
Others have reported greater yields in the absence of disease or under low disease (Paul et al. 
2011), and it has been postulated that this is because fungicides manage minor foliar diseases, 
saprophytic fungi and delay senescence (Bertelsen et al. 2001; Köehle et al. 2002). Across our 
trials, lack of a consistent yield increase in the absence of disease, was observed. These results 
concur with those of Bradley and Ames (2010) who reported variability in yield response of field 
trials conducted across years. Although Paul et al. (2011) observed increased mean yield 
response at low levels of disease; it was not always economically beneficial.  
Our trials were inoculated at two growth stages, with different combinations of St and 
Czm to enhance disease development in the trials. The effect of inoculation on yield was 
significant in 3 out of 8 site-years (Illinois 2010 and 2011 P <0.0001; Iowa 2010 P = 0.0092) but 
more inoculations did not always result in more disease and/or reduced yields.  The presence of a 
pathogen alone does not lead to disease, since the host needs to be susceptible and the prevailing 
weather conditions must be favorable for the disease to occur (Stack 1999). Since disease in 6 
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out of 8 site-years was low, the disease triangle conditions leading to increased infection must 
not have been met. At Wisconsin in 2010 where high yields were observed, the period from July 
to August had above normal (30 year average) rainfall, corresponding to when maize was at R3- 
R4 crop developmental growth stage, or beginning grain fill. Genotype by environment 
interactions could have contributed to the high yields observed. Resistance in hybrid genetics and 
cultural methods that affect the cropping environment should be considered as part of an IPM 
system in association with foliar fungicide applications. The goal should be a positive and 
sustainable yield response under different environments and depending on what the risk factors 
are on a case by case basis. When continuously used in the absence of need, QoI-containing 
fungicides are a cost that may reduce producers’ profits and increase risk of fungicide resistance 
development (Blandino et al. 2012; Bradley and Pedersen 2011; Walker et al. 2009). 
Previous studies associate foliar disease development with early onset of senescence; 
increased risk of stalk rot, reduced grain fill and consequently lower yields (Malvick 2005; Stack 
1999; Roeth and Elmore 2000). Furthermore, plants with stalk rot are more susceptible to 
lodging, which can slow down machine harvesting and can result in dropped ears during harvest 
(Dodd, 1980). In the present study, foliar disease severity ranged from low to moderate, while 
stalk rot was marginal; the impact of both diseases on yield was generally low.  
Our data suggest that fungicide application can be a viable IPM component for hybrid 
maize production in the U.S. Corn Belt, provided all sides of the disease triangle are met.  
However, yield advantages as a result of reduced disease or other factors that may be induced by 
QoI fungicide application, especially when disease is low or absent, were not consistent. More 
research is needed to define the disease threshold level for fungicide application on hybrids, 
particularly in light of environmental conditions and hybrid genetics. Successful management of 
98 
corn foliar diseases should include practices incorporating all four components. These consist of 
prevention practices such as planting of hybrids with resistance to disease, avoidance practices 
such as rotation, monitoring practices such as scouting and suppression practices such as use of 
pesticides.   
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Table 3.1  Main trial information, Julian day when the trial was planted and days after planting when disease assessment and 
fungicide application was done in the field trials conducted between 2010-2012 (Shaded cells correspond to observation dates used 
in the analysis)  
   Disease Assessments 
(days after planting) 
 
Fungicide application  
(days after planting) c 
Site Yeara JDb 1 2 3        VT/R1 R2/R3 T T d 
Illinois 2010 125 79 93 NA   70 78 92  
 2011 132 67 81 105   64 75 81  
            
Iowa 2010 139 57 71 92   63 77 84  
 2011 139 55 76 105   68 82 57 71 
            
Ohio 2010 145 80 NA NA   64 96 71 78 
 2012 126 116 NA NA   72 87 97  
            
Wisconsin 2010 125 55 86 110   62 86 90  
 2011 127 95 103 109   59 90 NA  
a The trial was repeated in 2011 in Iowa, Illinois and Wisconsin and 2012 in Ohio. 
b Julian days (JD) when the trial was planted.  
c Strobilurin fungicide used was Headline® (pyraclostrobin), BASF, Research Triangle Park, NC. Treatments were: UTC, an 
untreated control; VT/R1, single application of strobilurin fungicide applied at anthesis; R2/R3, single application applied at 
blister/milk growth stage; and T, single application applied based on a threshold foliar disease severity defined as 5 percent disease 
severity on the third         leaf below the ear leaf or above on 50 percent of the plants in the plot. 
d In Iowa 2011 and Ohio 2010  sites disease on plants insome threshold plots developed later and consequently these plots were 
sprayed  later  
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 Table 3.2 Monthly averages of weather data from National Climatic Data Center (NCDC) for four sites between 2010 and 2012 
  
  2010  2011/2012a 
Month Weather 
variableb 
IAc IL OH WId   IA IL OH WI 
May PPT 89 81 116 95(7)  142 110 65 61(27) 
 Days 13 15 16 9  12 13 4 12 
 RH 54.1 57.5 56.9 53.8  54.0 56.8 52.8 51.5 
 T 15.9 17.8 16.8 15.8(2.7)  15.7 16.9 18.1 13.7(-0.7) 
June PPT 312 224 171 213(97)  5 89 47 90(23) 
 Days 23 19 15 14  11 13 9 10 
 RH 66.4 69.3 65.2 63.6  65.0 66.4 60.8 62.1 
 T 21.8 23.2 21.3 20.0(1.6)  25.6 26.4 18.6 20.2(1.3) 
July PPT 78 97 79 203(3.8)  74 20 84 47(-58) 
 Days 4     10 9 13  17 2 13 10 
 RH 70.5 71 67.8 68.4  73.4 73.0 68.0 69.6 
 T 23.8 25.0 22.8 23.7(-2.33)  25.6 26.4 23.7 24.8(5.4) 
Aug PPT 381 54 83 99 (90)  76 37 59 78(30) 
 Days 16 10 7 5  10 5 11 10 
 RH 70.1 70.0  66.5  69.6  67.0 66.9 62.0 65.0 
 T 23.9 24.7 22.0 24.8(5.4)  22.1 23.3 20.0 21.8(2.0) 
September PPT 126 67 67 67(11)  43 66 13 84(8) 
 Days 16 12 10 11  7 13 1 8 
 RH 58.3 59.7 57.1 56.2  54.6 57.0 55.6 54.4 
 T 17.6 19.7 17.3 16.2(0.1)  15.7 17.6 15.7 15.0(-2.0) 
October PPT 10 31 41 58(3)  25 51 173 34(-25) 
 Days 4 4 11 4  5 9 12 8 
 RH 46.6 47.9 46.3 46.1  46.0 47 46.8 46.3 
 T 12.0 12.8 11.2 11.2(3.3)  11.7 12.0 10.6 11.3 
a The trial was repeated in 2011 in Iowa, Illinois and Wisconsin and 2012 in Ohio. 
b  PPT, Precipitation (rainfall); Days, number of days with rainfall >2.54 mm; RH, Relative Humidity %; T, Temperature 0C. 
cIA, Iowa; IL, Illinois; OH, Ohio; WI, Wisconsin. 
 d Numbers in brackets indicate the departure from normal  
1
0
4
      
  
Table 3.3 P-values summarizing all fixed effect factors related to disease severity (%) per whole plot at four sites between 2010 
and 2012  
Factorsb 
2010  2011/2012a 
IAc IL OH WI   IA IL OHd WIe 
Hybrid 0.2551 <.0001 <.0001 0.3678  0.9176 0.7350 0.0558 0.7196 
Fungicide 0.0304 <.0001 0.0491 0.7273  0.1457 0.9370 0.0229 0.0396 
HxF 0.6622 0.4712 0.9590 0.4571  0.8357 0.2624 0.8431 0.2077 
Inoculation 0.4714 <.0001 <.0001 0.7388  0.0477 0.9556 <.0001 0.2486 
HxI 0.2448 <.0001 <.0001 0.4957  0.9710 0.5040 0.0012 0.3314 
FxI 0.7172 0.1040 0.5801 0.5768  0.4059 0.0566 0.9741 0.7729 
HxFxI  0.4253 0.4896 0.9135 0.6453  0.7010 0.2430 0.0900 0.9685 
a The trial was repeated in 2011 in Iowa, Illinois and Wisconsin and 2012 in Ohio. 
b Main effects and their interactions H, Hybrid, F, Fungicide (x), interactions between the factors 
c. IA, Iowa; IL, Illinois; OH, Ohio; WI, Wisconsin. 
d Ohio 2012, only two hybrids were evaluated ‘P0461XR’,and ‘P0891XR’. 
e Wisconsin 2011, no threshold fungicide application. 
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Table 3.4 Effect of fungicide on stalk rot disease of corn (0-5 scale) assessed at the R6 crop developmental stage, on the stalks of 
four maize hybrids grown in Iowa and Illinois between 2010 and 2012  
Fungicideb 
2010a 2010 2011 
IAc IL IL 
UTC 1.73 2.16 2.06 
    
VT/R1 1.67 1.89 1.83 
    
R2 1.70 2.03 2.04 
    
T 1.67 2.07 1.67 
    
LSD  NS 0.11 NS 
P value  0.8531 0.0002 0.0441 
a Results presented for stalk rot ratings done in 2010 in Iowa and Illinois and in 2011 only in Illinois  
b Strobilurin fungicide used was Headline® (pyraclostrobin), BASF, Research Triangle Park, NC. Treatments were: UTC, an 
untreated control; VT/R1, single application of strobilurin fungicide applied at anthesis; R2/R3, single application applied at 
blister/milk growth stage; and T, single application applied based on a threshold foliar disease severity defined as 5 percent disease 
severity on the third         leaf below the ear leaf or above on 50 percent of the plants in the plot. 
c IA, Iowa; IL, Illinois.  
*Stalk rot measured on a 0-5 scale (Hines 2007) 
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 Table 3.5 Effect of hybrid on stalk rot disease of corn (0-5 scale) assessed at the R6 crop developmental stage, on the stalks of four 
maize hybrids grown in four sites between 2010 and 2012  
Hybridb 
2010a 2010 2011 
IAc IL IL 
‘P35F44’ 1.69 2.21 1.98 
    
‘P33W84’ 1.53 1.88 1.72 
    
‘P0461XR’ 1.94 2.02 1.77 
    
‘P0891XR’ 1.61 2.06 2.42 
    
LSD  NS NS 0.29 
P value  0.6000 0.1841 0.0003 
a Results presented for stalk rot ratings done in 2010 in Iowa and Illinois and in 2011 only in Illinois  
b All hybrids were from DuPont-Pioneer Hi-bred International Inc.  ‘P35F44’, susceptible to GLS and resistant to Northern corn 
leaf blight (NCLB), ‘P33W84’, resistant to GLS and susceptible to NCLB, ‘P0461XR’, susceptible to both GLS and NCLB, and 
‘P0891XR’, resistant to both GLS and NCLB. 
c IA, Iowa; IL, Illinois; OH, Ohio; WI, Wisconsin 
*Stalk rot measured on a 0-5 scale (Hines 2007) 
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Table 3.6 P-values summarizing all fixed effect factors related to yield in kg ha-1 at four sites between 2010 and 2012   
Factorsb 
2010  2011/2012a 
IAc IL OH WI   IA IL OHd WIe 
Hybrid 0.9912 0.1824 0.8140 0.0011  0.0164 0.0264 0.7044 0.7352 
Fungicide 0.4059 0.0320 0.0199 <.0001  0.5536 0.8606 0.1175 0.0012 
HxF 0.6417 0.9390 0.8243 0.4054  0.7070 0.3163 0.1997 0.0543 
Inoculation 0.4598 <.0001 0.2398 0.1883  0.0092 <.0001 0.3263 0.9959 
HxI 0.5630 0.1047 0.3814 0.7424  0.7175 0.0089 0.4853 0.1753 
FxI 0.2920 0.8847 0.2046 0.7253  0.3150 0.9807 0.3057 0.5864 
HxFxI  0.9919 0.9124 0.0357 0.5504  0.2838 1.000 0.6937 0.2084 
a The trial was repeated in 2011 in Iowa, Illinois and Wisconsin and 2012 in Ohio. 
b Main effects and their interactions H, Hybrid, F, Fungicide (x), interactions between the factors 
c. IA, Iowa; IL, Illinois; OH, Ohio; WI, Wisconsin. 
d Ohio 2012, only two hybrids were evaluated ‘P0461XR’,and ‘P0891XR’. 
e Wisconsin 2011, no threshold fungicide application 
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Figure 3.1 Effect of hybrid and inoculation (with pathogen Cercosposa zeae maydis – CZM or 
Setosphaera turcica ST or None or Both) on gray leaf spot (GLS) and northern corn leaf blight 
(NCLB) combined disease severity (%) assessed at the R4/R5 crop developmental stage, on the 
ear leaf of four maize hybrids. (‘P35F44’, resistant to NCLB, ‘P33W84’, resistant to GLS, 
‘P0461XR’, susceptible to both GLS and NCLB, and ‘P0891XR’, resistant to both GLS and 
NCLB)  grown in three sites between 2010 and 2012 
 
Figure 3.2 Effect of hybrid on gray leaf spot (GLS) and northern corn leaf blight (NCLB) disease 
severity (%) assessed at the R4/R5 crop developmental stage, on the ear leaf of four maize 
hybrids grown in four sites between 2010 and 2012.  
Trial was repeated in 2011 in Iowa, Illinois and Wisconsin and 2012 in Ohio. All hybrids were 
from DuPont-Pioneer Hi-bred International Inc. P35, ‘P35F44’, susceptible to GLS and resistant 
to Northern corn leaf blight (NCLB), P33, ‘P33W84’, resistant to GLS and susceptible to NCLB, 
P04, ‘P0461XR’, susceptible to both GLS and NCLB, and P08, ‘P0891XR’, resistant to both 
GLS and NCLB. IA, Iowa; IL, Illinois; OH, Ohio; WI, Wisconsin. Ohio 2012, only two hybrids 
were evaluated ‘P0461XR’,and ‘P0891XR’. 
 
Figure 3.3 Effect of fungicide on gray leaf spot (GLS) and northern corn leaf blight (NCLB) 
disease severity (%) assessed at the R4/R5 crop developmental stage, on the ear leaf of four 
maize hybrids grown in four sites between 2010 and 2012.  
The trial was repeated in 2011 in Illinois, Iowa, and Wisconsin and 2012 in Ohio. Strobilurin 
fungicide used was Headline® (pyraclostrobin), BASF, and Research Triangle Park, NC. 
Treatments were: UTC, an untreated control; VT, VT/R1, single application of strobilurin 
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fungicide applied at anthesis; R2, R2/R3, single application applied at blister/milk growth stage; 
and T, single application applied based on a threshold foliar disease severity defined as 5 percent 
disease severity on the third leaf below the ear leaf or above on 50 percent of the plants in the 
plot. IL, Illinois; IA, Iowa; OH, Ohio; WI, Wisconsin. Wisconsin 2011 had no threshold 
fungicide application. 
 
Figure 3.4 Effect of fungicide on yield in kg/ha at four sites assessed at time of harvest after 
physiological maturity in between 2010 and 2012  
The trial was repeated in 2011 in Illinois, Iowa, and Wisconsin and 2012 in Ohio. Strobilurin 
fungicide used was Headline® (pyraclostrobin), BASF, Research Triangle Park, NC. Treatments 
were: UTC, an untreated control; VT, VT/R1, single application of strobilurin fungicide applied 
at anthesis; R2, R2/R3, single application applied at blister/milk growth stage; and T, single 
application applied based on a threshold foliar disease severity defined as 5 percent disease 
severity on the third leaf below the ear leaf or above on 50 percent of the plants in the plot. IL, 
Illinois; IA, Iowa; OH, Ohio; WI, Wisconsin. Wisconsin 2011 had no threshold fungicide 
application. 
 
Figure 3.5 Effect of hybrid on yield in kg/ha at four sites assessed at time of harvest after 
physiological maturity of four maize hybrids grown between 2010 and 2012  
Trial was repeated in 2011 in Iowa, Illinois and Wisconsin and 2012 in Ohio. All hybrids were 
from DuPont-Pioneer Hi-bred International Inc. P35, ‘P35F44’, susceptible to GLS and resistant 
to Northern corn leaf blight (NCLB), P33, ‘P33W84’, resistant to GLS and susceptible to NCLB, 
P04, ‘P0461XR’, susceptible to both GLS and NCLB, and P08, ‘P0891XR’, resistant to both 
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GLS and NCLB. IA, Iowa; IL, Illinois; OH, Ohio; WI, Wisconsin. Ohio 2012, only two hybrids 
were evaluated ‘P0461XR’,and ‘P0891XR’. 
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Figure 3.1 Effect of hybrid and inoculation (with pathogen Cercosposa zeae maydis  
– CZM or Setosphaera turcica ST or None or Both) on gray leaf spot (GLS)  and northern corn 
leaf blight (NCLB) combined disease severity (%) assessed at the R4/R5 crop developmental 
stage, on the ear leaf of four maize hybrids grown in three sites between 2010 and 2012 
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Figure 3.2 Effect of hybrid on gray leaf spot (GLS) and northern corn leaf blight  
(NCLB) disease severity (%) assessed at the R4/R5 crop developmental stage, on the ear leaf of 
four maize hybrids grown in four sites between 2010 and 2012  
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Figure 3.3 Effect of fungicide on gray leaf spot (GLS) and northern corn leaf blight 
(NCLB) disease severity (%) assessed at the R4/R5 crop developmental stage, on the ear leaf of 
four maize hybrids grown in four sites between 2010 and 2012  
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Figure 3.4 Effect of fungicide on yield in kg/ha at four sites assessed at time of harvest after 
physiological maturity in between 2010 and 2012  
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Figure 3.5 Effect of hybrid on yield in kg/ha at four sites assessed at time of harvest after 
physiological maturity of four maize hybrids grown  between 2010 and 2012 
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APPENDIX A 
SUPPLEMENTARY TABLE 
Effect of hybrid and fungicide application on gray leaf spot (GLS) and northern corn leaf 
blight (NCLB) disease severity (%) assessed at the R4/R5 crop developmental stage, on the 
ear leaf of four maize hybrids grown at four sites between 2010 and 2012  
  2010  2011/2012a 
Days after planting 93 92 80 86  105 105 116 103 
Hybridb Fungicidec IAd IL OH WI   IA IL OHe WIf 
‘P35F44’ UTC 1.5 23.8 2.9 0.1  0.8 14.7 _ 0.2 
 VT/R1 1.3 18.5 1.9 0.0  0.9 17.9 _ 0.2 
 R2 1.5 23.0 2.4 0.1  1.2 13.9 _ 0.2 
 T 1.5 26.8 2.5 0.0  1.7 15.6 _ _ 
           
‘P33W84’ UTC 1.4 16.7 1.5 0.0  0.9 14.6 _ 0.2 
 VT/R1 1.3 11.6 1.1 0.0  1.9 19.2 _ 0.3 
 R2 1.6 17.6 1.7 0.0  1.4 17.4 _ 0.2 
 T 1.4 16.0 1.4 0.1  1.4 18.4 _ _ 
           
‘P0461XR’ UTC 1.5 30.0 3.9 0.0  1.7 23.3 7.0 0.3 
 VT/R1 1.0 26.1 3.0 0.1  1.8 13.7 5.5 0.1 
 R2 1.2 30.0 3.3 0.1  1.2 16.6 5.1 0.1 
 T 1.4 29.7 3.9 0.1  2.1 14.6 5.4 _ 
           
‘P0891XR’ UTC 1.2 13.0 0.7 0.1  1.4 15.7 4.0 0.3 
 VT/R1 0.5 10.7 0.2 0.0  1.6 2.1 2.1 0.2 
 R2 0.8 13.9 0.8 0.1  1.3 1.9 1.9 0.1 
 T 1.2 15.8 0.6 0.1  2.0 3.0 3.0 _ 
           
LSD   NS NS NS NS  NS NS NS NS 
a The trial was repeated in 2011 in Iowa, Illinois and Wisconsin and 2012 in Ohio. 
b All hybrids were from DuPont-Pioneer Hi-bred International Inc.  ‘P35F44’, susceptible to 
GLS and resistant to Northern corn leaf blight (NCLB); ‘P33W84’, resistant to GLS and 
susceptible to NCLB; ‘P0461XR’, susceptible to both GLS and NCLB; and ‘P0891XR’, 
resistant to both GLS and NCLB. 
c Strobilurin fungicide used was Headline® (pyraclostrobin), BASF, Research Triangle Park, 
NC. Treatments were: UTC, an untreated control; VT/R1, single application of strobilurin 
fungicide applied at anthesis; R2/R3, single application applied at blister/milk growth stage; 
and T, single application applied based on a threshold foliar disease severity defined as 5 
percent disease severity on the third leaf below the ear leaf or above on 50 percent of the 
plants in the plot. 
d IA, Iowa; IL, Illinois; WI, Wisconsin; OH, Ohio. 
e Ohio 2012, only two hybrids were evaluated ‘P0461XR’,and ‘P0891XR’. 
f Wisconsin 2011, no threshold fungicide application.  
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CHAPTER 4 
‘FUNGICIDES ON OUR CORN FIELDS’ – A CASE STUDY ON FOLIAR FUNGICIDE 
USE DECISIONS IN THE US CORN BELT 
 
A Paper Submitted to Plant Health Instructor 
Mallowa S.O, Braun E.J, Robertson A.E. and Esker P.D. 
 
Introduction 
Foliar fungicide applications to improve yield response in the absence of disease risk 
are an emerging issue in the US Corn Belt where about 90 million acres of hybrid corn 
(USDA, 2013) are grown each year. Approximately 10% of that acreage has foliar fungicides 
applied annually in any one year. This case study will help inform students about the possible 
role of “plant health benefits” of foliar fungicides as defined by yield improvement as 
another reason to use fungicides in addition to reducing disease risk.   
 This study is a decision-making scenario in which Eric Markus, an Iowa corn farmer, 
faces a dilemma on how to manage foliar diseases. The farm he owns has a history of yield 
loss due to corn disease, and historically he has managed the issue using resistant hybrids. 
However, in the last fifteen years, changes in biofuel policies leading to better prices for 
corn, and the availability of fungicides marketed for plant health benefits leading to higher 
yields, have altered many farmers’ perceptions regarding fungicide use in corn.  
His sons, Paul and Brad, have differing views on using fungicides, and this is 
straining the relationship between them. Paul believes in spraying for plant health benefits 
and increased yield, while Brad is a proponent of using Integrated Pest Management (IPM) 
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principles for disease management. Mr. Markus is worried about alienating either one or both 
of his sons, as well as the long-term impacts this could have on their farm. 
Given these differences in philosophies, Mr. Markus encourages his children to do some 
research, conduct interviews with experts, to prepare for a family meeting to determine a 
sustainable option for their farm. 
Objectives 
Demonstrate to students the complexities corn growers face when making fungicide 
application decisions and aid in critical thinking to gain an appreciation for the scientific 
principles involved.  
This case study will: 
• Highlight production practices that increase disease risk and fungicide use.  
• Discuss foliar fungicides as a viable IPM component and their associated plant health 
benefits. 
• Inform about scouting and its value in foliar disease management in corn fields. 
• Identify environmental and economic issues concerning fungicide use for plant health 
benefits.   
Background Information 
Cast of Characters 
Eric Markus An experienced corn grower, considering the use of fungicides in addition to 
hybrid selection to manage foliar fungal diseases. 
Paul The eldest son of Mr. Markus and a recent Agri-business management graduate from 
Midwest University. He interned at SalSal, an Ag Advisory company, which provides 
scouting services to growers. He is interested in planting disease-susceptible but high-
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yielding hybrids to take advantage of current good corn prices to maximize profits. He is 
open to applying foliar fungicides for plant health benefits in addition to managing disease. 
Brad The youngest son of Mr. Markus, a double-major graduate student in Agronomy and 
Plant Pathology at Midwest University.   He is of the opinion they should use an Integrated 
Pest Management (IPM) approach to manage disease (scout, and if disease is present apply 
fungicides). Brad is researching the effect of foliar fungicides on disease and yield under the 
supervision of Dr. Brody Matthews, an extension pathologist and leading expert in IPM, who 
conducts disease workshops, and has done on-farm fungicide trials on foliar diseases for and 
with growers (including the Markus family) for several years.  
Key Words: 
“Plant health benefits” are any positive physiological response of plants to foliar fungicides, 
and include enhanced photosynthetic efficiency, better stress (drought, hail (mechanical), 
temperature) tolerance, and improved standability. These benefits may all contribute to 
higher yields which are the most relevant evidence from a grower’s perspective. 
Standability is the ability of physiologically mature plants to resist lodging allowing them to 
continue to be erect until harvest. 
Hybrid corn is the result of two genetically distinct individuals that are crossed to combine 
the advantageous traits of each. The resultant hybrid is usually adapted to certain conditions 
and superior to either parent. 
A minimum (or reduced), no-till (or zero tillage) system is one in which the ground is either 
worked very lightly or is not worked at all before planting, respectively, to conserve soil 
against erosion. Retention of surface residue is a key element in relation to plant disease. 
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Integrated Pest Management (IPM) principles include: (1) prevention – selecting disease-
resistant hybrids, (2) avoidance – rotating to non-host crops, tillage (3) monitoring – scouting 
for diseases, and (4) suppression – bio-control, spraying fungicides if/when necessary. 
Scouting: is a systematic evaluation of plants for presence of diseases in different sections of 
a field. Preliminary examination of samples for severity of disease symptoms and 
manifestation of signs is done using a hand lens (portable microscope). Comparisons 
between sick and healthy plants are made.  
Setting of Case 
The Markus family owns an 800-acre farm in Iowa on which they grow hybrid corn.  
Brad hoped to work as an extension specialist before joining his father and brother full time 
on the farm. Brad did several field trials investigating foliar disease management in corn and 
his findings influenced his perspective on disease management. He witnessed first-hand that 
positive results from fungicide use were best when diseases were present and severe. In 
addition, he acknowledges that research results on yield response and calculations on 
profitability from fungicide trials are not always easy for growers to use when making a 
decision. Brad cares about the environment and social causes more than just making a profit.  
Brad had a conversation with his father once planting was over. Mr. Markus said, 
“Brad, you remember this season we considered Paul’s suggestion and planted a susceptible 
hybrid for the higher yield potential? He also made arrangements last November for 
fungicide application in mid-July when the corn is tasseling. Do you think we should go 
ahead with those plans?” Brad responded, “Dad, I have been telling you about my research 
for three years. If we go ahead with the decision we made in advance and it later turns out we 
didn’t need to spray, isn’t that a loss for us, and adds unnecessary chemicals in the 
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environment? I suggest we scout, consider the weather, and only spray if disease is present or 
there is a risk”. 
 “This is such a hard decision to make based on your research and the fungicide 
commercials I hear on the radio? “Mr. Markus said. “We have to look at the dynamics season 
by season and make several decisions, not just on foliar fungicides but about the whole 
system. Why don’t you visit with Brody regarding your perspective and find out what the 
consensus is from the fungicide trials he has done. I will ask Paul to call up SalSal Ag 
Agency for more information, since they are passionate about the plant health benefits of 
using fungicides. We can all prepare for a family meeting in about two weeks, to try and 
figure out how best to manage foliar diseases on our farm.  
Mr. Markus later talked to Paul who was also agreeable to the idea. To prepare, both 
boys began to consult with the experts. What would they find out? 
The Case 
Mr. Markus had lived through enough boom and bust cycles in grain prices to 
appreciate the boom corn growers were currently enjoying could shift suddenly. In the past, 
only seed corn was sprayed for foliar diseases, since grain prices were so low. Corn 
production was totally different now with the market price almost three times higher due to 
enlarging international markets in Asia and the Federal government’s energy policy 
advocating for use of biofuels, including ethanol from corn, thus increasing demand for the 
product. Mr. Markus had been able to make up to $200,000 a year in profit, with equally 
exciting prospects for the foreseeable future. However, Mr. Markus couldn’t help but wonder 
what would happen if the price of corn suddenly dropped. Would growers still use 
fungicides? 
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As a result of good grain prices, Mr. Markus and his neighbors had been motivated to 
plant corn year after year. Furthermore, they all used minimum tillage to reduce soil erosion. 
However this practice increased the risk of disease because foliar pathogens can stay alive for 
months in the crop debris remaining on the soil surface. The next season, if weather 
conditions are favorable, spores are produced and spread by wind or rain to the lower leaves 
of newly planted corn causing disease and if severe, yield loss. The general consensus was 
that with an increased risk of diseases, due in part to production practices, foliar fungicides 
should be applied to the corn crop. Fungicide manufacturers responded to this need and 
started to market more fungicide products for use in field crops; many of which contained 
dual modes of action.  
When Paul called the SalSal Ag Agency, he was reminded about the importance of 
scouting. The information generated can be used as field history data contributing to a 
realistic prediction of disease risk, an important consideration for hybrid selection in 
subsequent seasons. Paul was a tech savvy “new generation” farmer using social media to 
follow crop scouts, industry reps, and extension personnel. He also liked to send in pictures 
of disease problems for identification and management advice.  Paul was interested in the 
“plant health benefits” that fungicides (e.g. ‘strobilurins’) were marketed for in addition to 
disease control. Potential benefits included plants with improved photosynthetic ability and a 
“stay green” effect, leading to purported increased energy for grain fill, improved stress 
tolerance for e.g. enhanced water use efficiency during drought conditions and possibly 
greater yield. Paul had heard several growers claim that in the last drought, fields sprayed 
with fungicides showed minimal effects of water stress and had higher yields than non-
sprayed field. In addition, there were also claims of improved standability associated with 
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fungicide application, which would make harvesting easier with the new machinery they 
purchased with their profits. Some seed companies rated their hybrids for their response to 
foliar fungicides; and generally disease susceptible hybrids responded better. 
After a briefing, Brad and Brody discussed multi-variable yield response trials 
(hybrid, environment, trial design, fungicides) with common foliar fungicides.  Though most 
showed a positive yield response even at low disease, this was not always enough to offset 
the fungicide costs. In addition to yield, however, there could be indirect benefits such as 
plants with better standability that are easier to harvest. Thus profitability was relative and 
could include the gas, energy, time, and labor conserved during harvest. 
If the Markus family went ahead to plant high-yielding susceptible hybrids year after 
year, the disease risk on their farm would likely increase due to increased inoculum 
production, with the potential for devastating losses if weather conditions were conducive for 
infection and disease development. Using fungicides reduced that risk and increased the 
probability of obtaining the desired yield.  Was there an ethical issue involved when growers 
ignored some of the basic precepts of IPM to grow hybrids with high yield potential and 
consequently achieve higher profits? Disturbing trends have been documented on the 
capacity of pathogens to evolve and develop resistance to chemical control. For example, the 
soybean frogeye leaf spot fungus has developed resistance to “strobilurin” fungicides in some 
states of the US. Could using fungicides in the absence of disease accelerate such resistance 
and reduce future management options? Possible environmental risks include fungicide 
residue persisting in the soil or run-off entering the water systems. Ultimately, these risks 
could negatively impact the terrestrial and aquatic ecological balance. 
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After meeting with experts, Paul and Brad prepared talking points to share at the 
family meeting. If present, what decision would you advise them to make? 
Instructions for group (family) planning meetings: 
1.  You will be assigned to a group representing Eric Markus, Paul Markus or Brad Markus.  
From the perspective of the person your group is representing, what kind of information do 
you need in order to make an informed decision regarding fungicide use on this year’s corn 
crop?  Some of the issues that might be important include: profitability of hybrid corn 
production; disease risk and potential impact on yield; use of foliar fungicides for disease 
control and plant health benefits; crop scouting and IPM strategies for corn disease 
management; influence of biofuel policy and export demand on corn prices. 
2.  Spend about 20 minutes gathering information about issues you want to discuss at the 
meeting.  What are the most important issues you want to discuss and what information will 
you need to help you get your points across to the others? 
3. Optional  “Twitter” Communications: 
• During the group planning period, each group is expected to make at least 2 tweets. 
• You can tweet each other (Eric, Brad, and Paul Markus) or an expert (Brody 
Matthews, SalSal Ag Advisors, or a Chemical Co. Technical Rep.) with comments or 
questions. @Eric, @Brad, @Paul, @Matthews, @SalSal, @techrep 
 
Classroom Management 
Case Summary 
The focus of this case is the unique contemporary situation growers in the US Corn belt find 
themselves in when making decisions on foliar fungicides use. It seeks to illustrate how the 
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decision is complicated by the fact that corn has higher value and fungicide use is for more 
than just disease management. Foliar diseases are a major cause of direct yield loss and also 
lead to stalk rot, which can adversely affect the standability of corn making harvesting 
operations inconvenient. The case illustrates that real-world decisions, like that on fungicide 
application, do not have a clear “perfect” choice, and the consequences of imperfect ones are 
often accepted. In addition there are issues beyond input costs and yield response, such as 
fungicide resistance, financial profitability, and environmental stewardship that need to be 
considered.   
The case study is an especially suitable activity towards the end of the semester of a crop 
protection, IPM, plant health management, plant pathology, or sustainable agriculture course, 
where student can apply previously learned information. It is useful but not critical that 
students have a background and working understanding of plant disease cycles and IPM 
options available for disease management.  
 Suggestions on How to Use This Case 
The case study is designed for presentation in one 50 minute class session, using a small 
group or whole-class review and discussion style. The instructor serves as a moderator to 
maintain order and connect student ideas.   
Background: We recommend that students prepare for the class by doing an approximately 
10 minute reading on the cast of characters, keywords, section A of the case study (scenario 
set up), a recommended assigned reading:  ‘Foliar fungicide use in corn” and listening to a 10  
minute radio recording: “Boom time for corn farms”. These are distributed 7-10 days prior to 
the class and an electronic reminder sent shortly before. This ensures students have adequate 
time to review the information and gain an understanding of the situation regarding fungicide 
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use on field corn in the US Corn Belt and other IPM options available. We suggest assigning 
the entire background information and additional recordings (approximately 60 minutes 
preparation time) for students with no background in plant pathology and/or corn production 
in the US Corn Belt. A summary of and web links to detailed explanations would help such 
students appreciate important aspects of corn production and fungicide use in the US Corn 
Belt. 
Information Review and Case Introduction: Students should be prepared to provide answers 
to 3-5 open ended review questions in 2-5 minutes at the beginning of class on who the 
family members are, what their positions are on the issue and their understanding of key 
terms for this study (e.g. “plant health benefits”), IPM, and scouting. A response system like 
clickers can be used to get this feedback. This information allows the instructor to assess the 
students’ comprehension of the background information and decide how much material to 
present during the introduction and review.  A sample sheet with suggested clicker questions 
is provided in the password protected section. 
It is suggested that the instructor begin by briefly (in 6-8 minutes) introducing the learning 
objectives and clearly explaining what will take place during the exercise. A review of the 
keywords, cast of characters, and their position should be done; level of detail is flexible 
depending on how well the students prepared. 
Activity: After this, students are divided into small groups of 3 or 5 students belonging to one 
of three teams: Eric, Paul, or Brad, for large classes more than one set of students can belong 
to a team. Approximately 5-7 minutes is allowed for in-class reading of section B. In the 
separate teams, students should hold group discussions for 10-12 minutes on what the family 
problem is, what the brothers found out, and try to answer the questions at the end of section 
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B. Groups should focus on preparing talking points for the family member to whose team 
they belong to. Students may search for additional information in the background document 
if they wish to.  
Recommendations: After the small group discussions, a group representative will give a brief 
presentation on their discussion and the talking points produced. Finally, a class discussion 
will be done in which the students are encouraged to give their personal opinions (e.g., if, 
when, and where to use fungicides profitably). A list of opinions could be written up on the 
whiteboard. At the end of class the instructor gives a concise wrap-up of the main points.   
Optional creative exercise: Groups of students may be asked to write out a 140 letter “tweet-
like” statement, comments or questions they would have for a corn grower, extension plant 
pathologist, fungicide expert (sales representative), or a crop scout. In our experience, this 
was the activity the students appreciated the most; it raised questions and enhanced 
discussion. In answering “tweets” instructors have opportunity to provide additional 
information and relevant points with the entire class.  Additional information is provided in 
the password protected section. Alternatively, they could submit a thoughtful opinion 
paragraph (not more than 8 lines on an index card or in an email to the instructor) on the 
statement: Foliar fungicide application could be for more than disease control, what factors 
influence this decision? (to spray or not to spray  
Possible Adaptations 
Though developed primarily for undergrad classrooms, short twenty-minute e-
learning exercises on what plant health benefits are and scouting for foliar diseases of corn 
can be done during lab or before class. These can also be used for extension classes like 
master gardener or crop scout school. 
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In our experience students really appreciated additional roles of “experts” e.g. a 
chemical company representative, grower’s co-op official, certified crop advisor, an 
agronomist, or an extension pathologist, etc. being  added to the class session. These roles 
can be played by the instructor and/or teaching assistants. Students think about possible 
questions and additional information (experts) could give to growers under different 
situations and request for it. This could include break even scenarios, grain prices, fungicide 
label information. Students could also consider the potential for bias in the motives of 
different experts. Students could role-play or discuss possible conversations between growers 
and some of the suggested experts. 
A short you-tube video on disease control and plant health benefits or a public radio 
recording on the subject could also be presented either at the beginning of class or just before 
the whole class discussion. Additional, discussion questions on the complexity of the 
decision can be considered and students asked to make a decision and support their choice.  
Questions: The following set of questions could be given to students to discuss research and 
answer at the end of the case study exercise. 
1. What production practices in the US Corn Belt increase the risk of disease in a field?   
2. Foliar fungicides have been marketed for plant health benefits. What are examples of 
these plant health benefits? Can the potential for these benefits affect fungicide use 
decisions? 
3. What is the relationship between legislation related to bio fuels, corn prices, and fungicide 
use? 
4. Paul’s position is that the family use high-yielding susceptible hybrids and scout. What is 
scouting and how is it done? How does scouting influence the perception of disease risk? 
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5. How could a grower determine if he will make a profit or a loss with a fungicide 
application? 
The answers to these questions are available to instructors in the password protected section. 
Any instructor is welcome to register for access.  
Assignment: A follow-up assignment could be given to students. This could be in the form of 
questions related to the study or a written summary of the components that farmers should 
consider before making a production decision. A brief or press release article on factors 
students think influence the farmers in making their decisions could also be considered and 
collected a week or two after the class. 
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Table 4.1 Proposed case study delivery timeline (50 minutes without optional creative 
exercises) 
Step Task Time (min.) 
1. Review grasp of assigned background information, characters and 
keywords 
8 
2. Read  the case 5-7 
3. Discuss the family decision, preparing answers to the questions while 
focusing on talking points for the “team”  
15-20 
4. A spokesperson for each group presents main points to the class 5-7 
5. Class discussion - emphasize complexity and lack of one “correct” choice 8-10 
6. Wrap up and optional creative exercises (assignment) 3-6 
7. Analyze students comprehension of learning objectives and critique of 
the exercise  
10 
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APPENDIX B 
ADDITIONAL BACKGROUND INFORMATION  
History of corn production in the US Corn Belt 
Teosinte (Zea mexicana) is believed to be the progenitor of Corn (Zea mays). Corn 
has a rich, dynamic, over-5000 year history originating from the Mayan and Aztec tribes in 
Mexico. There are several kernel types from different plant races.  In the early 1800s, the 
late-flowering Virginia Gourdseed and the early-flowering Northeastern Flints were first 
crossed, and the superiority of the hybrid was recognized and described. From several 
generations of this crosses emerged the highly productive yellow US Corn Belt dents (Brown 
et al. 1984). 
Yields of dent hybrids have progressively increased from 36.9bu/acre in 1951 to about 
113bu/acre in 1982 and are currently at a national average close to 170 bu/acre.  Production 
practices have also changed considerably in the past 50 years primarily in the interest of soil 
and water conservation. Minimum tillage is a conservation practice in which growers usually 
work the fields in the spring and incorporate crop residue into the top 5 to 15 cm of soil.  
Many pathogens have been shown to survive in the debris for up to least one year (Sturz et al 
1997). This production practice could lead to increased residue-borne foliar diseases in corn 
fields (Wise and Mueller 2011). 
Management of fungal diseases on corn (IPM) 
Several foliar diseases are predominant in the US Corn Belt, including gray leaf spot 
(Cercospora zeae-maydis), northern corn leaf blight (Setosphaera turcica), anthracnose leaf 
blight (Colletotrichum graminicola), common rust (Puccinia sorghi), and eyespot 
(Kabatiella zeae), (Wegulo 1997).  Integrated pest management principles include: 
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Prevention (using resistance hybrids), Avoidance (using rotation or tillage to reduce and 
avoid presence of pathogens in fields), Monitoring (using scouting to focus on presence of 
disease at yield loss causing thresholds), and Suppression (using fungicides or bio control 
products to control disease). However, the current practice of minimum or zero tillage and 
the higher prices for corn, means farmers are not using basic tenets of IPM, such as rotation 
(growing different hybrids (rotate susceptible and resistant) or different types of crops in the 
same area in sequential seasons) and removing or deeply ploughing debris. This calls for 
improved disease management, since these practices may well lead to higher foliar fungal 
diseases that could reduce photosynthetic leaf area and result in yield loss (Wise and Mueller 
2011).  
http://www.agronext.iastate.edu/corn/docs/corn-field-guide.pdf  
http://www.plantmanagementnetwork.org/edcenter/seminars/Outreach/Corn/GrayLeafSpot/ 
http://www.plantmanagementnetwork.org/edcenter/seminars/outreach/corn/NorthernCornLea
fBlight/ 
The use of fungicides to manage corn diseases  
It is important to scout to observe the presence and amount of disease at critical crop 
development stages.  In corn, scouting usually begins just prior to tasselling, and disease on 
the ear leaf, the canopy below, and also above the ear leaf are observed for disease.  Noting 
where on the plant the disease is present and the area of leaf (or canopy) affected helps 
formulate thresholds for the best time to spray (Bosch and Gilligan 2008). Numerous foliar 
fungicide products with several modes of action are available (Wise and Mueller 2011), and 
are marketed for use beyond just disease control. Paul et al., 2011 summarized yield response 
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results from fungicide trials in 14 states, and reported more consistent profitability associated 
with fungicide applications when disease was present.   
http://ipcm.wisc.edu/download/pubsPM/Corn-Fungicides-WI.pdf 
http://www.agronext.iastate.edu/corn/docs/corn-field-guide.pdf  pp 17-20 
Plant health benefits of foliar fungicides 
Though the main role of foliar fungicides is disease control, one fungicide product on 
the market has a label for plant health. In addition to enhanced growth efficiency, stress 
tolerance, and plants that stay greener longer, some fungicides can potentially lead to an 
increase in yield of up to 12- 16 bushels/acre. Therefore fungicides are marketed and used 
also by producers beyond just disease management and as a means of plant health insurance 
to increase yields (Wise and Mueller 2011).  
http://www.apsnet.org/publications/apsnetfeatures/Pages/fungicide.aspx 
http://msue.anr.msu.edu/news/foliar_fungicide_use_in_corn 
http://www.youtube.com/watch?v=8c7J46fGJhg 
Policy influencing price of corn 
The last decade has been characterized by record high corn prices. This has been 
attributed to the expanding global market, especially in Asia, and a US government incentive 
that gives tax breaks for petroleum produces who blend with renewable fuels (largely from 
corn) (Larson et al, 2010). In the short term, this demand has made corn production more 
profitable (increased corn price), which has motivated farmers to plant more acres, and more 
frequently (Cassman, 2006).   
Economics  
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Farming is a business.  Thus, it is imperative that economically reliable fungicide 
application choices that take into consideration the cost benefit of using foliar fungicides are 
made.  Consider how much yield is needed at the current prices of $4-5 per bushel to 
compensate for the product and application costs (estimated at about $25 /acre). A small 
increase of approximately 5 bu/acre may perhaps be sufficient to offset application costs and 
ensure yield is protected from unforeseen disease. Though yield increases of up to 20 bu/acre 
have been reported (Esker, personal communication) 
http://dx.doi.org/10.1094/PHYTO-03-11-0091 
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The following sections will be available to instructors in the password protected section of 
this site. Any instructor is welcome to register for access.  
Weblinks to Audio Recording 
http://www.npr.org/templates/story/story.php?storyId=89740681 
http://www.wbur.org/npr/134054231/what-recession-its-boom-time-for-nebraska-farms 
http://www.npr.org/2012/08/30/160331758/despite-drought-some-corn-farmers-reap-bounty 
Answers to Optional Case Study Questions 
The answers to these questions are available to instructors in the password protected section 
of the site. Any instructor is welcome to register for access.  
1. What production practices in the US Corn Belt increase the risk of disease in a field? 
The US Corn Belt is approximately 150 million acres.  Over the past few decades the use 
of minimum or zero tillage as a production practice has been increased in an effort to 
protect soil and nutrient.  Furthermore, more acres have been planted to continuous corn – 
because of better prices for corn as a result of changes in biofuel policies and enlarging 
markets in Asia.  These practices contribute to larger amounts of surface crop residue 
across the landscape. This residue serves as an inoculum source for many residue-borne 
foliar diseases.  Students may talk about this un-precedented large scale corn- 
“monoculture” system and its impact on the environment and/or biodiversity. Alternatives 
of recommendations that discuss the effects of this system are acceptable.   
2. Foliar fungicides have been marketed for plant health benefits. What are examples of 
these plant health benefits? Can the potential for these benefits affect fungicide use 
decisions? 
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Strobilurin fungicides enhance certain physiological processes in plants that are not 
necessarily associated with disease and fungicide companies have marketed this 
characteristic as “plant health benefits”. Some effects that have been detected when 
strobilurins are applied to plants are: i) improved chlorophyll synthesis and improved 
water utilization that each positively contribute to photosynthetic and plant antioxidant 
enzyme activities. ii)  reduced production of harmful reactive oxygen species and increase 
production of antioxidants that could facilitate stress tolerance. iii) Inhibition of ethylene 
synthesis, due to delayed senesce, this is known as the “greening effect”.  It may 
contribute to better stalk strength; it does not contribute to yield in corn. Students’ 
discussions of logical physiological processes that strobilurin fungicides can affect are 
acceptable. 
The benefits include healthier plants, improved stand ability, easier harvest.  For growers 
with large farms applying a fungicide may enable them to spread harvest over a longer 
period.   These benefits are attractive since they would lead to stronger healthier plants 
with hopefully higher yields. These additional reasons suggest positive effects of 
fungicide use even in the absence of disease, might be considered a form of insurance.  
The anticipation of disease, or if there is the likelihood that yields might be increased and 
stalk strength and harvest -ability assured.   
3. What is the relationship between legislation related to bio fuels, corn prices, and fungicide 
use? 
The relationship is complex and not a direct cause and effect.  Generally, students’ 
responses that take into account factors that drive these relationships should be acceptable. 
The federal government has set a standard encouraging renewable-fuel production from 
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ethanol made from grains, primarily corn. This has created a steady market for corn at 
higher prices, and consequently more growers are willing to disregard IPM principles and 
grow high yielding corn continuously. Though the risk of disease is higher, the price of 
corn recently has been good enough to offset/ justify the use of fungicides. Strobilurins are 
broad spectrum fungicides that reduce infection by pathogenic fungi and therefore 
conserve plant energy and nutrients that could have been used in plant defense (Bartlet et 
al., 2002). They are effective and hence more widely marketed than the predecessors; 
claims for yield increase in the absence of disease further enhance their beneficial 
properties and good corn prices, could encourage and justify their use.    
4. Paul’s position is that the family use high-yielding susceptible hybrids and scout. What is 
scouting and how is it done? How does scouting influence the perception of disease risk? 
Scouting in this context could be described as a systematic evaluation of plants for 
diseases present while taking notes on other aspects of environment and production that 
could pre-dispose the crop to disease. Disease severities in different section of a field are 
noted. Further preliminary examination of suspected diseased samples could be done for 
symptoms and signs using a hand lens (portable microscope) and a pocketknife. 
Comparisons between sick and healthy plants are made. In the current season, scouting 
assessments aid in determining disease risk and the decision to initiate management 
practices such as applying a fungicide. Scouting is important even if done late in the 
season, because accurate assessments aid in determining the next seasons disease risk. 
5. How could a grower determine if he will make a profit or a loss with a fungicide 
application? 
140 
Combinations of factors typically influence profitability when using fungicides. These 
include the use of susceptible varieties, favorable weather conditions for disease, 
conditions that increase disease risk like continuous corn, reduced or no tillage, late 
planting, irrigation, etc. and most importantly if disease actually develops. To determine a 
break-even point growers take into account the cost of fungicide purchase, cost of 
scouting and application, as well as grain prices. Research has shown that the probability 
for profitable fungicide use is more likely when disease is a threat to production. Students’ 
suggestions that give consideration to some variants of these factors are acceptable.  
Pre and Post Case Clicker Questions 
Pre-case clicker questions to test comprehension of provided material: 
1. Foliar fungicides have been applied to field corn for many decades on most of the 
corn acreage in the US Corn Belt     A: True B: False 
2. Which of the following increases the risk of disease in a cornfield.   A: planting 
continuous corn  B: Zero/minimum tillage  C: Planting susceptible hybrids  D: All the 
above  
3. The Markus family member LEAST interested in fungicide application for “plant 
health benefits” is:  A: Eric  B: Brad  C: Paul 
4. As the price of corn goes up, the yield increase per acre needed to “break even” for a 
fungicide application would:  A. go down.  B. go up.  C. not be affected by the corn 
price. 
5. Strobilurin (QoI) fungicides are being marketed for their “plant health benefits.”  This 
means that they: A. will have little or no adverse environmental impacts.  B. will be 
able to improve plant health by controlling fungal pathogens. C. will increase corn 
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yields and improve standability and stress tolerance even in the absence of disease.  
D. will be unlikely to select for fungicide resistance in pathogen populations. 
Post-case clicker questions to assess the students’ knowledge and opinions concerning foliar 
fungicide use in corn production and value of the case study activity. 
1. The most important factor in determining whether use of a fungicide will be 
profitable or not is:  A. the presence of disease.  B. application costs.  C. the price of 
corn. D. the weather.  E. all the above 
2. Since the Markus farm has a history of foliar diseases and susceptible varieties have 
been planted this season, I believe they should:  A. spray a foliar fungicide.     B.  
monitor the weather, scout for diseases and only spray a fungicide if there is 
likelihood of disease.  C. look at the price of corn and the cost of application and try 
to predict the likelihood of a good economic return. 
3. Do you think that corn growers should use fungicides for plant health benefits if it 
will lead to increased yields?  A. Yes  B. No  C. Maybe  D.  I don’t know 
4. Do you think the “Twitter” communications were a useful part of the case study 
activity?  A. Yes.  B. No.  C. No opinion. 
5. Did this case study activity improve your understanding of the issues related to the 
use of fungicides in corn production?  A. Yes.  B. Yes, somewhat. C. No. 
6. Did this case study activity give you a better understanding the use of fungicide 
applications for “plant health benefits?”  A. Yes.  B. Yes, somewhat.  C. No. 
Follow-up Reflection Exercise to Review the Activity 
1.  Did this case study activity help you learn about the issues related to the use of fungicides 
in corn production? 
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2.  If so, what aspects of the case study activity contributed the most to your learning? 
3.  What specific changes would you suggest that might make this case study more effective 
in helping students learn about the issues surrounding fungicide use on corn, fungicide 
applications for “plant health benefits,” etc.?  
4. Are there otherissues or topics in this course that might be effectively taught using case 
studies? 
 
Useful Slides in presenting the case study 
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CHAPTER 5 
GENERAL CONCLUSION  
 
The overall goal of the research was to address two pertinent issues related to foliar 
disease management in the US Corn Belt. The first research objective investigated whether 
Goss’s wilt and leaf blight symptoms can develop from epiphytic Cmn without severe 
wounding. In this study we provide evidence that a pathogenic Cmn isolate can survive and 
multiply as an epiphyte on corn leaves. Furthermore, we observed with SEM imaging that 
single cell and aggregates of Cmn populations were present at epidermal junctions, in and 
around stomata and at the base of glandular trichomes. These are likely more protected areas 
on the leaf surface.  We suggest that stomata and/or trichomes may serve as infection courts 
for Cmn in absence of severe wounding. These data strengthen our understanding of Cmn 
biology but more research is needed to better understand the role of epiphytic populations of 
Cmn in disease development.  More evidence is needed to determine if stomata and/or 
trichomes are infection courts for Cmn.  This might include experiments using a GFP labeled 
strain of the bacterium; or greenhouse experiments that assess if there is reduced incidence of 
foliar symptoms when the possibility of infection through stomata is reduced e.g. lower 
humidity and closed stomata, use of absisic acid to close stomata, etc.  Further work could 
also be done to determine where exactly on the corn plant Cmn survives, that is what leaves 
of the canopy, and where on those leaves  
The second research objective evaluated the effects of fungicide application on foliar 
disease and stalk rot intensity, as well as the yield response in corn with varying levels of 
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resistance to foliar disease.  Since 2006, a significant rise in foliar fungicide application in 
corn production shifted direction away from the sound use of IPM tactics for corn disease 
management. . This study took a multi-state approach that was novel in that a diverse set of 
environments specifically examined the effect of the same foliar fungicide, the same 
application timing and the same hybrids that were inoculated at similar timings at all 
locations on disease severity and yield response. Unfortunately, despite inoculation, disease 
development was poor in most locations, and we were unable to develop a disease threshold 
for fungicide application.  Fungicides reduced disease statistically at some locations as one 
might expect, but not at others.  Statistically significant yield differences of 30 to 550 kg/ha   
were observed in fungicide treated plots, but not necessarily those in which disease was 
reduced. However, our studies also showed, that there were no noticeable yield differences 
that could be explained consistently by a physiological response to foliar fungicide 
application. These data will be used in a meta-analysis, to examine not only these trials but 
also other fungicide trials across the Corn Belt to specifically determine yield differences due 
to physiological responses as a result of a fungicide application and economic yield response 
from growers’ perspective. 
The third research objective was a case study utilizing a “real life scenario approach 
to inform on the complex decision making situation that corn grower’s face in relation to the 
use of foliar fungicides. The case study was implemented at Iowa State University in two 
sections of an introductory plant pathology course, additional information is provided in 
Appendix B (password protected section) for instructors.  More than 80% of the students 
appreciated this learning approach and over 95 percent of these reported it enhanced their 
understanding of foliar diseases, the management decisions involved and the use of foliar 
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fungicides. Further research on this objective could include development of a web based 
learning tool of this case study combining text, pictures, audio and video to create a media 
rich version of this case study that can will be especially useful for audiences who are 
unfamiliar with corn production in the US Corn Belt.  
The boom and bust cycles related to corn pricing are critical to fungicide use 
decisions, in the decade preceding the trial issue of fungicide use was confounded by high 
corn prices that made it worthwhile.  However in future if low prices such as those 
experienced in 2014-2015 continue, it would be interesting to see how students think about 
the issues. This case study will be given in several classes over the next few semesters to 
continue to systematically collect data about the quality and coverage of student learning as a 
result of use of this tool. Future research on the scholarship of teaching using case studies, 
using a similar approach with other important plant disease issues is recommended. Another 
option for case studies would be to take the approach outside the classroom to the public in 
form of workshops, brochures, short videos, that it can be critiqued and evaluated by peers to 
further develop tools that enhance the scholarship of plant pathology education, and increase 
the publics’ awareness of issues pertaining to crop protection.   
 
 
